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I. SU14MARY 
The production of alcohols, aldehydes, ketones and acids 
by the oxidation of propane is possible and economically at­
tractive, v/ith raw materials representing only tv/o to twenty 
percent of the product selling price. Commercial non-
catalytic processes nov/ produce mixtures of these products 
which are difficult to separate and purify. 
The hlp:h temperature catalytic oxidation of propane by 
oxygen was studied in a simulated fluldized bed at atmos­
pheric pressures with no recirculation of catalyst. This 
process was developed in an attempt to provide the temper­
ature control and the promotion of a specific reaction which 
are necessary to yield given oxygenated chemicals from 
oxygen and propane. 
The experimental equipment provided for mixing heated, 
measured amounts of oxygen and propane in the presence of 
catalyst at various temperatures and flow rates. A me-
chanically-agltated bed of catalyst was used to simulate a 
conventional fluldized bed in a li inch pipe. 
Twenty-four runs are reported, made at temperatures 
up to 1,000° F. on feed mixtures, containing from 10 to JO 
percent oxygen, flowing at rates of J,000 to 7»000 co. per 
minute. The four catalysts of Celite and copper oxide on 
Cellte were not selective, producing mixtures consisting 
mainly of aldehydes and ketones v/ith smaller amounts of 
alcohols and, occasionally, acids. These useful products 
contained a maximum of 3.66^^ of the oxygen fed. If unre-
acted propane were recycled, a maximum of 7.M of the fresh 
carbon feed would have been converted to useful products. 
With the catalysts used, temperature v;as most in­
fluential on the reaction, v/ith no products found below 
800° F. The temperature control demonstrated by the appara­
tus was found to be limited by operating temperature, feed 
composition and the catalyst used. In the ranges studied, 
feed composition and flow rate had little effect on con­
version of oxygen fed. Dehydrogenation of the propane, v/ith 
the formation of substantial quantities of unsaturated hydro­
carbons, v;as found to accompany yields of useful products. 
The unsaturated hydrocarbons contained a maximum of 21.5^ 
of the carbon fed. If unreacted propane v/ere recycled, a 
maximum of 85.0^ of the fresh carbon feed v/ould be found as 
unsaturated hydrocarbons. 
The Investigation did not reveal the selective catalyst 
sought but did demonstrate the advantages of a fluidized 
bed for the control of exothermic reactions. The necessary 
analysis procedures were complicated and time consuming and 
limited the information obtainable. 
-3-
II. INTRODUCTION 
The petroleum industry has become, in a relatively short 
time, one of the major industries of the United States. The 
value of products shipped has assumed large proportions, as 
shov/n in Table 1 (44). 
Table 1 
Petroleum Refining. Number of Employees and Value of 
Products Shipped, 19^7 - 1951 
Number of Value of 
Year employees products shipped 
1947 145,806 16,623,708,000 
1949 144,155 7,681,578,000 
1950 139,125 9,410,427,000 
1951 151,434 11,538,979,000 
The primary products of the petroleum industry are used 
for fuel. In 1947, gasoline represented 47«3^ of the value 
of the output of the industry, fuel oil and kerosene, 32.6^2 
and lubricating products, 10.9^« Chemicals produced by the 
industry, although v/orth $38,819,000, represented a mere 
0.6^ of the value of the products (44). In 1950 the 
President's Materials Policy Commission reported that the 
non-fuel utilization of hydrocarbons represented 0.7^ of 
total hydrocarbon consumption. The Commission predicted 
-.2),-. 
that in 1975, v/hen this consumption vrill have expanded six 
times, it v/ill represent about 2.7>« of the total hydrocarbon 
requirements. The commission went on to report (49» p. 16): 
Nonetheless, the United States will obtain from 
this source most synthetic rubber, plastics, 
synthetic fibers, solvents and other chemicals. 
It is estimated that such products increase the 
value of the hydrocarbon raw material approx­
imately 12 times; conversion to fuel increases 
the value of the raw material only 1| times. 
The most spectacular developments in the industry 
during the last fifteen years have been those used to im­
prove the yield and quality of gasoline. The Houdry, 
Thermofor, Fluid, and Hydroforming catalytic cracking and 
the alkylation, polymerization and isomerization processes 
were all developed for these purposes. 
Another important part of the petroleum industry is 
the production of liquefied gaseous products. These mater­
ials are gases at ordinary temperatures and pressures but 
can easily be liquefied by thfj application of moderate 
pressures. The most important of these gases are butane 
and propane. The production and sales of these gases have 
enjoyed steady inci^eases during the past sevei'al years, as 
indicated by Table 2 (^5» ^6, ^ ?, ^ 8). 
The distribution of sales among propane, butane and 
mixtures of the two Is shovm in Table 3 (^B). These figures 
show that the sales of propane have been expanding much more 
rapidly than those of butane. 
Table 2 
Sales of Liquefied Petroleum Gases in the United 
States, 1933 ~ 19^9i in Thousands of Gallono 
Year Sales 
1933 38,931 
193^ 56,427 
1935 76,855 
1936 106,652 
1937 lij-1,400 
1938 165,201 
1939 223,580 
19^J-0 313,^56 
19^1 462,852 
585,440 
19i^3 675,223 
194ii' 1,060,156 
19^5 1,276,766 
19^6 1,704,262 
19^7 2,209,797 
19^8 2,736,801 
19^J-9 2,836,599 
Table 3 
Sales of Propane and Butane in the United States, 
19^4 - 19^9. in Thousands of Gallons 
Year Propane Butane Propane-butane 
mixtures 
1944 335,884 273,116 451,156 
1945 444,581 325,140 507,045 
1946 551,250 441,418 711,594 
1947 863,686 398,635 947,476 
1948 1,279,744 512,615 944,442 
1949 1,403,359 488,801 944,439 
The supply of those gases Is quite plentiful, for they 
can be obtained from natural gas, from petroleum, and from 
refinery gases. The averap;e yield of liquefied petroleum 
gases from natural gas ykJs only O.50 gallon per 1,000 cubic 
feet treated (4?), but when the total production of natural 
gas is considered,/7,178,777,000,000 cubic feet in 19^1-8 (47), 
this source assumeo its relative importance. TXiring 19^9» 
refineries in the United States produced 23,1^4,000 barrels 
of liquefied gases (48). That the future supply is assured 
la shov/n by a report of the /unerlcan Petroleum Institute 
and the American Gas Association on December 3I, 1949, 
indicating that the proved reserves of natural-gas liquids, 
including condensate, natural gasoline and llauefied 
petroleum-gas liquids, v/as 3,729,012,000 barrels (48). 
iPropane is mtxch more useful than butane as a source 
of chemicals other than synthetic rubber^' This is shown 
in Table 4 (48) v/hich gives the sales distribution or uses 
of these gases in 1949- This table also ahov/s that the 
chief single use of propane either alone or in mixtures, is 
as a source of domestic and commercial heat and power. 
Propane, because of its longer chain length, is more reactive 
than either methane or ethane, the lov/er members of the 
saturated hydrocarbon series. It can be subjected to 
pyrolysis, to chlorination, to nitration and to oxidation 
to give a wide variety of products. 
/ 
Table 4 
Sales of Liquefied Petroleum Gases in the United 
States, by Use, 19^9, in Thousands of Gallons 
Propane-butane 
Use Propane Butane mixture Total 
Domestic and commercial 854 .456 154, 599 618 ,495 1.627,550 
Gas manufacturing 144 ,883 61, 501 32 ,826 239,210 
Industrial plants 99 ,736 43. 343 19 ,118 162,197 
Synthetic rubber 1 ,380 156, 607 19 ,863 177,850 
CSiernlcal plants 277 ,045 56, 476 211 .365 544,886 
Internal combustion 20 ,264 14. 993 42 ,724 77,981 
All other 5 .595 1, 282 48 6,925 
Total 1,403 .359 488, 801 944 ,439 2.836,599 
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i Oxidation of propane is a very promising field because 
of the large number of useful products. Not only are the 
three-carbon oxygenated derivatives of propane found, but 
it is also possible to obtain the oxygenated derivatives 
of methane and ethane. Normal a.nd iso-propyl alcohol, 
proplonaldehyde, propionic acid, acetone, ethanol, 
acetaldehyde, acetic acid, methanol, formaldehyde and formic 
acid, among others, ha"\/^^beon reported (21) as oxidation 
products of propane. 
The oxidizing agent generally employed la oxygen, 
either pure or In mixtiires such as alr^ Klddoo has pointed 
out (25) the aelection of the form of oxygen to be used is 
generally a matter of an economic balance. The addition of 
nitrogen or steam has been used to control the nature of 
the reaction. Presently, oxygen can be obtained in purities 
above 99-9% at a cost of :;U.30 per 100 cubic feet (17). 
However, one of the most promising developments in the field 
of oxidation is the introduction of tonnage oxygen of 90 -
95% purity. Marek has reported estimates of costs for ton­
nage oxygen ranging from one dollar per ton (29) to J|9.70 
per ton (30) depending on the size of the plant installed. 
An actual cost of .t'5«00 per ton for an operating plant has 
been reported (30). Various oxygenated chemicals can be 
produced from propane and oxygen by the reactions shov/n 
in Table 5« 
-9-
The current coat of propane is $0.04 per gallon or 
$0.0095 per pound (17). Based on these costs and the re­
actions Fclven In Table 5i the cost of reactants to pro­
duce oxygenated products v;orth t'l«n0 is rer^orted in Table 
6 using various sources of oxygen. The prices of the var­
ious chemicals are from the current literature (17)» This 
Table 5 
Reactions to Produce Various Oxygenated Products 
from Propane and Oxygen 
Product Reaction 
Methanol 
Formaldehyde 
Formic acid 
Ethanol 
Acetaldehyde 
Acetic acid 
Acetone 
Acrolein 
C3H8 
C3H8 
2 C3H8 
2 C3H8 
2 C3H8 
C3H8 + 
C3H8 + 
0. 
0. 
2 
2 ug
3.5 O2-
+ 4 O2-
+ 2.5 Og 
+ ^  05 — 
2 Op -
1.5 0 
•2 OH3OH + 00. 
•3 HCHO + H2O 
-3 
• 2  
H2O 
HoO + 2 CO' 
HOOOH + 
C2H5OH + 2 ^ 
3 CH3CHO + 2 HgO 
CH3COOH + 2 HgO 
OH3COCH3 H2O + 2 
CH2=CH0H0 + 2 H2O 
table shows that it vrould be impossible to produce the 
products using pure oxygen as a raw material because of its 
high cost. If air were used in the process instead of high 
concentration oxygen, the cost of raw materials would be 
merely that of propane. 
Table 6 
Cost of Raw Materials to Produce Various Oxygenated Products 
from Propane and Oxygen 
Cost of reaotants to produce products worth one dollar 
Oxygen Total 
Product Priced Propane^ Using 03 Using O2 
# per At $1.30 per At ^^5.00 at $1.30 per at .$5.00 
lb. 100 cu. ft. per ton® loO ou. ft. per ton® 
Methanol 0. 0485 |0. 134 §2.69 $0. 058 $2.82 §0. 192 
Formaldehyde^ 0. 042 0. 041 0.814 0. 017 0.855 0. 058 
Formic acid® 0. 142 0. 018 0.708 0. 014 0.726 0. 032 
Ethanol^ 0. 073 0, 118 2.64 0. 050 2.76 0. 168 
Acetaldehyde 0. 10 0. 063 0.885 0. 017 0.948 0. 080 
Acetic acid 0. 09 0. 051 1.77 0. 043 1.82 0. 094 
Acetone 0. 085 0. 085 1.97 0. 036 2.06 0. 121 
Acrolein 0. 47 0. 016 0.250 0. 003 0.266 0. 019 
^All price data from reference 1?. 
^Cost of propane is |0.0i|- per gallon (17) > or $0.0095 per pound. 
®90^ by weight (88.8^) by volume. 
by weight. 
®85^ by weight. 
^190 proof. 
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Consideratlon of the rav; material costs using either 
air or tonnage oxypren shov/s that cither process could be 
economically attractive. The difference in cost of raw 
materials to produce products T.'orth one dollar varies from 
less than one cent to about six cents. To supply the same 
amount of oxygen from air would require recycling and 
separation procedures and more pumping capacity, thus in­
creasing building and operating costs above that of a 
tonnage oxygen process. 
These costs are only raw material costs and involve no 
plant or opere.ting costs. They are based on complete re­
action of stoichiometric amounts of reactants according to 
the reactions listed in Table 5* Hov/ever, there is a con­
siderable margin which should permit the absorption of 
plant and operating coats and still leave enough return to 
make production profitable. 
The possible products v/ould Include some of the chem­
icals nov; in greatest demand in the country. Table 7 shows 
the yearly production during recent years of selected 
members of the group (50). It can be seen that the demand 
Is great and is steadily increasing. 
With the large market available and the apparent 
economic attractiveness of production of these oxygenated 
products of propane the question arises as to v/hy this 
method is not nov/ employed for the commercial production of 
Table 7 
Production of Selected Organic Chemicals in the United States, 
1944 - 1951f in Thousands of Pounds 
Synthetic Formic Synthetic Acetic 
Year methanol Formaldehyde acid ethanol Acetaldehyde acid Acetone 
1944 472,686 522,440 292,611 328,428 
1945 493»110 423,689 267,518 307,363 
1946 509,820 458,877 351,916 285,452 298,148 
1947 555,481 520,642 42^^,645 362,463 357,193 
1948 990,240 617,187 471,148 396,038 443,750 
1949 838,803 549,744 14,947 653,189 349,526 388,139 
1950 901,584 835,142 15,703 735,440 441,166 458,786 
1951 1,223,798 987,456 16,960 856,913 454,010 538,448 
-12b-
these corapoundo. Actually, similar methods are employed, 
but to a limited extent. To date it has been imposoible to 
produce specific compounds from propane and oxygen. A 
mixture of products, very difficult to separate into the 
various compounds at competitive prices, ia obtained. Cur­
rently, three companies — Celanese Corporation of America, 
Cities Service Oil Company and Commercial Solvents Corpora­
tion — are engaged in the production of formaldehyde and 
other oxygenated products by the direct oxidation of petro­
leum gases (55)• Their combined capacity amounted to about 
1.6% of the total formaldehyde capacity in 1950 or about 
210 million pounds per year. The Celanese process accounts 
for 180 million pounds and involves the oxidation of a 
propane-butane mixture i/ith air non-catalytically at temper­
atures of 600 to 1,000° F. and pressures of 100 to 300 psi. 
The ultimate yield of salable chemicals is estimated to be 
50/^ of the fresh carbon feed (25)« The Cities Service 
process, with a capacity of 25 million pounds per year, is 
very similar but employs natural gas and air rather than 
the propane-butane mixture and air. 
There is a very definite need for a process to produce 
specific oxygenated chemicals from oxy;Ten and hydrocarbons 
in similar coramercial amounts. The cost of present processes 
is concentrated in the separation and purification equipment 
made necessary by the complex mixtures obtained. If these 
-13-
procesaee resulted in single compounds this cost could be 
avoided and the production expanded. One of the methods to 
accomplish this v;oxxld be the utilization of a suitable 
catalyst to direct the reaction to a single given compound, 
resulting in reduced separation costs. If, in addition, 
this catalyst could be raade to promote the reaction at lov;er 
temperatures and pressures, equipment v;o\ild be simplified 
and its coat reduced. 
The ideal process v/ould be one v/^^ich could be adapted 
to produce different compounds by simply chanp:ing catalysts, 
or by chiinging operatin,'^ conditions with a given catalyst. 
This is a report of the design and operation of apparatus 
used to test several catalysts. 
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III. LITERATURE REVIEW 
Only during the last decade has direct oxidation of 
hydrocarbons to oxygenated chemicals assumed major Im­
portance although this process has been practloed commercial 
ly In this country for more than 25 years. Research along 
these lines has been going: on for more than 4o years (25). 
In 1906 Bone and Drugman found liquid products in the 
oxidation of propane and butane (12). Lind and Bardwell 
reported liquid products other than v/ater in 1926 (28). 
James, at the same time, produced aldehydes and acids from 
natural gas and oxygen using raolybdic acid as a catalyst at 
temperatures less than 600° C. and pressures of 3.5 atmos­
pheres (24). Bludv/orth has been particularly active in 
this field. One of his early patents v/as granted in 1933 
for a high pressure, non-catalytic oxidation of propane 
and butane (8). He has made many contributions to a non-
catalytic, high pressure process involving steam and air, 
a very brief reaction time, and a water quench. Pressures 
mentioned are 3.5 to 30 atmospheres with temperatures of 
550 to 750° F. (7, 8, 9, 10, 11). 
The non-catalytic production of formaldehyde, acetic 
acid, methanol and propanol has been noted in the literature 
Propane and butane were oxidized v/ith 5 to 15^ oxygen under 
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pressures of I30 to I70 atmoapheres and temperatures of 280 
to 350° C. v/ith up to of the oxygen fed appearing in the 
products (5^)» The Hanlon-Buchanan Company developed a 
process for the partial oxidation of refinery butane using 
an iron reaction coll and employing high temperatures and 
pressures to produce oxygenated products (35)• 
One soraev^hat unique series of Investigations has "been 
that of ftust, Bell and others for the Shell Development 
Company. They have employed a homogeneous catalytic reac­
tion using hydrogen bromide as the catalyst, in tho oxida­
tion of ethane, methane, propane and higher hydrocarbons. 
Propane gives a yield of mole percent acetone, 7-8 mole 
percent propionic acid and 9.6 mole percent propyl bromide. 
The alkyl bromides can be recycled (41, 42, 43). Straight 
chain paraffins above ethane, in general, go to ketones. 
The character of the products is determined by the most 
reactive C-H linkage in the molecule, the tertiary being 
most reactive. Small amounts of splitting of the C-C bond 
are noted, v/lth low reaction temperatures, and high yields 
and conversions (1, 3, 4, 37)• A Dutch company has been 
doing similar work (2). 
Fujlraoto has claimed the formation of dihydroxy butyl 
peroxide under the Influence of a silent discharge (23)• 
Hydrogen peroxide has been reported as a product of the 
reaction of a mixture of 90^ propane and 10!^ oxygen by 
-16-
Lacamble (2?) and Kooijman (26). Newitt and Schmidt studied 
the reaction of propane and air in ratios from 1:20 to 1:0.5 
at pressure up to 100 atmospheres and temperatures of 250 
to 373" C. to yield isopropyl, n-propyl and methyl alcohols 
and acetone (38). 
DeWitt and Hein at Michigan State College have inves­
tigated the oxidation of methane, ethane and propane v/ith 
oxygen and nitrogen using fairly low concentrations of oxygen 
(20;a). Their v/ork was done at atmospheric pressure with 
temperatures up to 650° C. Various catalysts including 
copper turnings, silica gel, and copper, vanadium and 
molybdenum oxides on silica gel v/ere used to form formalde­
hyde and formic acid in yields to about three percent of 
the oxygen fed (20). Dodge and his co-v/orkers have reported 
extensive investigation of the oxidation of four-carbon 
hydrocarbons by air, using vanadium pentoxide in the 10 to 
14 mesh screen size as a catalyst, to yield maleic and 
acetic acids, formaldehyde, acetaldehyde and glyoxal. Butane 
did not react under conditions causing reaction of un­
saturated hydrocarbons (I3). Natural gas has been combined 
with oxygen to form synthesis gas, which is then converted 
to synthetic fuels (36). 
Another interesting process is one which avoids the 
needs of producing oxygen gas or using air with the dilution 
introduced by the inert nitrogen. The use of intermediate 
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metal oxides as oxygen carriers has been suf:^gested for the 
conversion of methane to carbon monoxide - hydrogen mixtures 
(52, 53)- A fluidized bed technique using finely divided 
Iron or copper oxides along vlth nickel on alumina as well 
as Iron and manganese oxides has been effective (18, 52, 53)' 
The fluidized bed technique has also been used In the oxida­
tion of ethylene to the oxide (32). 
Propylene has been oxidized directly to acrolein by 
the Shell Chemical Company by a process In v/hlch propylene 
plus air or oxygen plus a moderate catalyst poison la passed 
over a copper oxide catalyst (15, 16, 39). 
Several reviews on recent developments on the oxidation 
process by Marek have appeared In the five annual Unit 
Processes reviews appearing In Industrial and Engineering 
Chemistry (29, 30. 31, 32, 33). 
Not too much has been published about the details of 
the commercial processes. The Gelanese plant at Bishop, 
Texas Is a post war #20,000,000 Installation based on the 
controlled, non-catalytic oxidation of propane and butane 
hydrocarbons and Is reported to consume over 50,000,000 
gallons of these materials annually (5, 6). Over 
300,000,000 pounds of chemicals are shipped each year. A 
Canadian plant based on the same process and another Texas 
plant have also been built by this company. 
The Cities Service Company's natural gas oxidation 
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plant at Tallant, OklsJioma yields a crude liquor reported 
to contain 35^ methanol, Z0% formaldehyde, 5,'» acetaldehyde 
and varying amounts of higher alcohols and aldehydes plus 
acida from natural gas and air (5l)« A reviev/ of these two 
successful commercial operations has been given by Kiddoo (25). 
One of the ill-fated commercial adventures in this 
field has been that of the McCarthy Chemical Company at 
Winnie, Texas. The plant was reported to employ a direct 
oxidation technique to manufacture 600,000 to 900,000 riounds 
per day of acetaldehyde and formaldehyde (7)» Its \ise of 
tonnaf^e oxygen to oxidize 100,000,000 cubic feet of natural 
gas daily was announced in 19^9 (31)' After a short period 
of operation, the plant was shut dov/n early in 1950 and haa 
not been reopened. Two difficulties, inadequate conversion 
of the oxygen to products of value and difficulties in the 
recovery and purification of valuable t)roducts, apparently 
made the operation uneconomical. 
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IV. EXPERIMIiiNTAL 
The utility of a oatalyat in the promotion and direction 
of the oxidation of hydrocarbons v.'as noted in the introduc­
tion. Tho function of a catalyot normally depends on the 
amount of surface v/hich the catalygi; can present to the 
reactant irjatsrials and on the ability of the reactants to 
come in contact with these surfaces. 
The oxidation of hydrocarbons is a highly exothermic 
reaction as evidenced by their vide use as fuels. The 
formation of formaldehyde from propane and oxygen by the 
reaction 
C^Hg + 2 Og —^ 3 HOHO + HgO 
has an exothermic heat of reaction of 128,620 calories per 
gram raole of propane. UTaen this reaction or others similar 
to it are carried out in a fixed catalyst bed, this large 
amount of heat is liberated in a very small space and causes 
localized higjh temperature comJitions or hot spots. These 
excessive temperatures cause the reaction to proceed to 
carbon dioxide and v/ater and, in addition, promote the 
cracking of the hydrocarbon with accompanying formation of 
carbon on the catalyst. This deposit of carbon may eventual­
ly foul the catalyst or block the passages for flov/. 
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A fluldlzed bed of catalyst offered the most promising 
solution of these problems. Fluidlzatlon Is a unit opera­
tion Khlcii raaintainc a bed of finely divided solids in a 
turbulent dense state by a f^as flow moving- up throiigh the 
mass, j^lvluR it a resemblance to a bollinf^ liquid. The 
application of fluidIzation to catalysis received a tremen­
dous impetus durinj'^ the second 'forld V/ar ^'hcm it i/as applied 
to the catalytic cracking of oil to produce hlpih octane 
gasoline. Since then, numerous installations of ti-.ls type, 
some capable of processing up to 60,000 barrels a day, have 
been made r.nd "fluid cat crackers" are the back bone of 
catalytic cracking in the oil industry. 
The temperatures in a fluldlzed bed can be controlled 
quite closely. The raplcJ notion of the noliris nrovldes 
rapid mlxlnp; and privea vlrtixally isothermal conditions in 
catalyst bads of 4o feet in diameter and 20 feet in height. 
Liberated heat is absorbed by the mass of catalyst and can 
be removed from the reaction zone by removal of the catalyst. 
This operation is possible because the solid materials can 
be rapidly transported in a gas stream. In the oil industry 
this feature is used to remove catalyst fouled by carbon 
deposit in the reactor and carry it to a regenerator where 
the carbon is burned off in a stream of air in another 
fluldlzed bed. The regenerated catalyst is then recycled 
to the reactor. 
-21-
Heao ti'ansfer to surfaces in the bed Is much higher 
tiian that usually found between gases and aolids and is 
usually of tlie same order of magnitude as that found in 
boiling liquids. Because the individual catalyat particles 
are small (from belov; 200 mesh to above 8o mesh in 3oine 
casesthe solids present a very large surface per unit 
weight. The surft-oe itself is kept I'eiatively free of gas 
fllras by the sxireeping action of the gases and interpartiole 
collisions, Insurlnf^ good gaa-catalysi; contact. 
Tliese advantages aecm well suited to the requirements 
of the hyrlrocarbon oxidation process. Fluidized beds pre­
sent maxirauiii surface area to tjie ree-otanta and are capable 
of high heat dissipation and good temperature control. It 
was decided to apply a fluidized bed technique to the cata­
lytic oxidation of hydrocarbons. 
Propane v/as ol\osen as the hydrocarbon to be used in 
an oxidation study using pure oxygen. Propane vras chosen 
instead of butane or mixtures of the tvo uu-inly because the 
possible oxidation products from propane are much less 
numerous tJian thooe fron butane. This would simplify 
separation and analysis of the ]>roducts and facilitate 
interpretation of the results. Butane, because of its 
greater ciialn lenf^th, is easier to oxidize than pi^opane and 
many investigators have found that procedures developed for 
propane oxidation also apply to butane oxidation v/ith little 
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or no modification. Thiis any developments made v;lth propane 
v/ould probably also apply to butane. Propane, boiling at 
-42.2*^ F. v/ould provide gas v;hen stored outside during the 
v/lnter v/hereas butane, with a boiling point of 30.9° F. 
would not. Butane would also be more likely to crack In 
the apparatus x^rlth accompanying carbon deposit because of 
Its longer chain length. 
Oxygen v/as used, rather than air, because It Is made up 
completely of reactant material. Use of air v;ould provide 
four parts of nitrogen for every part of air which would 
require larger equipment and depress the gas analysis 
accuracy for the same flov/ rates of reactants. Numerous 
investigations have been made using air and it v/as hoped 
to develop a process v/hich could employ tonnage oxygen. 
It was hoped to accomplish the oxidation at lov; pres­
sures and no provision for high pressure operation v;as made. 
Fluldlzed beds are difficult to control under high pressures 
and these pressures add to the complexity of the equipment. 
High temperatures are necessary for this type of study so 
provisions for heating the reactant gases were made. 
The only reasons for catalyst circulation in this type 
of equipment are for heat removal or regeneration of fouled 
catalyst . Recirculation and its complex equipment v/ere 
avoided because the equipment was designed to remove heat 
through the walls, and it v;as unnecessary to regenerate 
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the catalyst until it had been demonstrated that it actually 
was fouled. 
The process tested thus Involved the catalytic oxida­
tion of propane v/ith oxygen at high temperatures in a 
fluidized bed at atmospheric pressure with no recirculation 
of the catalyst. 
A. Q-lass Prototype 
An apparatus was then built to provide the fluidized 
bed for the high temperature oxidation of propane vrith 
oxygen. Considerations of flow rates, catalyst inventories, 
heat evolution and heat transfer surface per volume of re­
actor made a small diameter reactor desirable. In fluidiza-
tion, superficial velocities of the order of 0.5 to 1.0 
feet per second are required. A smaller diameter reactor 
requires smaller amounts of reactant gases. Blending of 
small batches to obtain large amounts of prepared catalysts 
would be unnecessary for a small reactor. Heat can be dis­
tributed more rapidly in a small bed, and geometry makes 
more surface per unit volume available for heat transfer 
in small sized reactors. A one inch pipe was considered a 
convenient size for the reactor. 
Hov/ever, it is very difficult to get good fluidlzation 
in pipes of less than two Inches in diameter. In smaller 
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diameter pipes the bed was subject to slugging and uneven 
distribution of gas and solids. Several methods to break 
up the gas slugs v;ere tried. The most successful method 
found used a series of horizontal plates v.dth holes In them 
mounted at equal Intervals on a central shaft which was 
given an up and dovm motion by an eccentric drive. 
A glass apparatus was built so that visual observa­
tions of the bed characteristics could be made. Figure 1 
is a flov/ diagram and Figure 2 is a photograph of the final 
model. Air flow was measured by a rotameter, and its 
temperature and pressure were also measured. The air then 
passed into tv/o surge tanks. These tanks were necessary 
because the plates, moving up and down in the reactor acted 
as a plunger v/hlch alternately increased and decreased the 
pressure on the Inlet line, causing a pulsation in the 
rotameter. These pulsations v;ere removed by the inclusion 
of the surge tanks. 
The gas leaving the surge tanks passed into the lovrer 
section of the fluidizatlon apparatus, v/here the temper­
ature and pressure were again measured. This section v;as 
packed with four inches of copper wool. A 200 mesh screen 
separated the packed section from the fluidizatlon chamber. 
The enlargement section above the chamber settled out some 
of the solids. The gas v^as taken out through a tee, past 
a thermometer and pressure tap and into a cyclone separator 
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Figure 1, Flow Diagram of Gloss Fluidization Equipment 
Figure 2. G-laas Fluldlzatlon Equipment 
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v;here any remaining catalyst was removed. 
The mechanical agitator consisted of 25 plates mounted 
one inch apart on a central shaft of one eighth inch pipe. 
Each plate cut from 0.015 inch stainless steel had sixteen 
holes as shovm "by the detail drawing in Figure 1. The plate 
and shaft assembly was given an up and dovm motion by an 
eccentric driven by a Graham motor with speed continuously 
variable between 20 and l8o rpm. The length of the stroke 
could be varied from one quarter to one inch in quarter inch 
increments. 
This apparatus gave a good distribution of the catalyst 
in the gas with no slugging. The plates broke up any slugs 
that started to form. The catalyst extended itself over 
several plates in v/hat appeared to be a series of small 
fluidized beds on top of each plate. l"/hen no vertical motion 
Was given to the plate assembly, the catalyst tended to creep 
up to the upper plates, leaving a virtually empty section 
around the lov/er plates. 
Tests were made to study catalyst circulation within 
the bed by charging layers of colored and uncolored catalyst. 
It was found that catalyst from the top section of the 
banded bed reached the bottom in 30 to 40 seconds after 
the gas flov/ v/as started. These tests were made without the 
benefit of the motion of the plates since this motion could 
not be started until after the gas flow had begun. With 
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plate motion, the mixing was even more rapid. When the 
catalyst v,'as not extended by means of the gas flov; it formed 
aiich dense packlnp; around the plates that they could not be 
moved dov/mmrd. 
The nature of the bed formed in this apparatus is shown 
by Fl/jure 3. The holes in the plates permitted the catalyst 
to move both up and down as the gas passed upward through 
the bed. Some gas also passed between the plates and the 
tube walls, since the outer diameter of the plates v/as 
1.3^8 in. and the inside d.iameter of the chamber was 37 rora* 
or 1.457 in. There was no sign of extensive channeling 
around the plates. 
The results of tests made to determine the response of 
the bed to pulse and flov/ rates are shown in Table 8. These 
data are plotted in Figure 4. The lines shovrn for constant 
pulse rate were obtained by replotting points obtained from 
a cross plot of the lines originally estimated as repre­
senting the data. The original data are given on the plot. 
Figure 4 shows that, for a given weight of catalyst and a 
given flow rate, the bed height can be varied up to 20 
percent by a change of pulse rate. This is a control feature 
wViich is not present in the usual fluidized bed, whose height 
is uniquely determined for a given flow rate. The variation 
of bed height for constant flow rates by means of the pulse 
rate is more clearly shown in Figure 5# which is a cross 
Figure 3. Bed Produced In Pulsing Plate Fluldizer 
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Table 8 
Variation of Bed Height v/ith Pulse and Flov/ Rates 
In Glass Apparatus®-
Pulse rate 
pulses/inln. 
Flow 
om.3/mln." 
Bed height 
In. 
24 3,350 5.75 
24 3,980 6.25 
24 5,830 6.88 
24 7,950 8.5 
24 9,660 8.75 
24 11,600 10.5 
64 4,900 7.0 
64 5,540 7.38 
64 7.450 7.75 
64 9,350 9.5 
64 11,500 10.5 
96 5,190 7.38 
96 6,690 7.75 
96 8,300 8.5 
96 9,940 10.38 
96 11,600 11.5 
145 5.930 8.0 
145 7,800 8.63 
145 9,920 10.5 
145 12,050 11.38 
180 5,330 8.5 
180 6,000 8.75 
180 7,540 9.25 
180 9.250 10.38 
180 11,600 11.63 
^•Plate spacing, 1 in.; Pulse length, 0.5 In.; 
Catalyst type, A; Catalyst weight, 100 gm. 
^At 14.7 psla. and 70° F. 
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Pulse Rate; 180 per Minute 
24. pulses per minute 
64 pulses per minute 
96 pulses per minute 
145 pulses per minute 
180 pulses per minute 
Plate spacing: 1 in. 
Pulse length; 0.5 in. 
Catalyst weight: 100 gm 
Catalyst type; A 
3,000 5,000 7,000 9,000 11,000 
Flow Rate, cc./min. at 14,7 psia, & 70°F. 
13,000 
Figure 4» Variation of Bed Height with Flow Rate for Various Pulse Rates 
a 
Figure 4 
40 80 120 160 200 
Pulse Rate, per Minute 
Figure 5. Variation of Bed Height id.th Pulse Rate for Various Flow Rates 
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plot of the Information In Figure k, 
B. Description of Equipment 
The equipment uJJed to study the oxidation of propane 
provided for mixing heated, measured amounts of oxygen and 
propane In the presence of a fluidlzed catalyst at various 
temperatures and flov rates. The products of the reaction 
were then separated and analyzed. 
The propane used was "natural" propane, obtained from 
the Matheaon Company, Jollet, Illinois, guaranteed to con­
tain at least $6% propane. Tanks containing 100 pounds of 
this gas were stored outside because of safety requirements. 
The oxygen was 99*5^ oxygen obtained from the Balbach 
Company of Omaha, Nebraska. Both propane and oxygen cylinders 
were fitted v;ith standard automatic regulators v;hioh indi­
cated the cylinder and controlled delivery pressures. 
Figure 6 is a flow diagram of the apparatus. The pro­
pane v/as bro\ight in through an outside solenoid valve oper­
ated from the inside panel board. The propane and oxygen 
flovfs were measured by rotameters where the pressure and 
temperature of both streams v/ere also measured. From the 
rotameters the gases passed separately through check valves 
and into electric preheaters. These heaters consisted of 
one eighth inch stainless steel pipe v/ound v/ith B. & S. 20 
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gauge Ohromel "A" aabeatos insulated resistance wire. The 
heaters were controlled "by variable transformers. It was 
necessary to use copyjer tubing as a liner for the propane 
heater because stalnlese steel caused carbon foiTnation v:hioh 
blocked tlie heater and cut off the gas flov. The heaters 
and pipes were surrounded by tv;o inches of insulation. The 
oxygen and propane heaters were connected directly to the 
mixing flange of the reactor. A picture of the lovrer por­
tion of the reactor, including the mixing flange is shoim 
in Figure The flange, one inch thick and placed at the 
bottom of the reactor, provided a means for introducing 
oxygen and propane directly Into the bed from opposite sides. 
The propane entered from the heater on the left and the 
oxygen from the heater on the right. The tubes containing 
the leads to the thermocouples in the entrance lines can 
be seen extending straight dov/n on either side of the central 
plug. The leads to a thermocouple Inserted into the bed 
through the flange were in the tube extending towards the 
foreground of the picture and a similar tube extending from 
the rear was a pressure tap. The flange had a tapered hole 
in the center to facilitate draining of the catalyst. The 
v7hole flange and plug assembly was aurrovmded by an elec­
trical heater made up of Chromel "A" resists.nce wire v?hich 
was imbedded in the insulation surrounding it. It v/ae 
found that the best way to seal the thermocouple leads 
-35-
Figure ?. Bare Mixing Flange 
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was to enclose them In steel tubln?^ vrhloh vas vrelded to the 
flanf^e and to extend the tubing far enouf?^ from the heaters 
and insulation so that It tms cool enouf^h to use a rubber 
stopper for a seal. The catalyst drain v/as sealed in a 
similar manner. 
The reactor consisted of a two foot section of one and 
one quarter inch stainless steel pipe inside a two inch 
pipe wiiich v/as fitted to act as a cooling Jacket. The scale 
of the reaction was never large enough to require cooling 
and heaters were required to maintain the temperature of 
this large mass of metal. Three electrical heaters made of 
Chromel "A" resistance wire and controlled by variable trans­
formers v/ere placed on the reactor. The v/hole assembly was 
then covered with insulation. 
A plate assembly mounted on a one eighth inch stainless 
steel pipe with plates at one inch intervals v/hich exactly 
duplicated that of the glass apparatus was placed inside 
the reactor. Inside the shaft v/as an assembly of two thermo­
couples placed twelve inches apart which could be moved up 
and down within the shaft, even while it was in motion. By 
moving these thermocouples tv/elve inches, a full tv/o foot 
temperature profile v/ithln the reactor could be obtained. 
The plate assembly was driven from the top by a one third 
horsepov/er motor v/hlch was connected to the eccentric driv­
ing the shaft assembly through a set of four pulleys, two 
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of which v/ere variable pitched. By setting the pitch of 
these special pulleys the speed of pulsation could be varied 
from about 60 rpm. to 350 rpm. 
The gases v/ere taken off from the top of a quench sec­
tion which v/as installed immediately above the reactor to 
cool the reaction products. The cooler was placed above the 
quench sections to give additional cooling for any pases 
coming in contact v;ith the rubber seal between the apparatus 
and the moving shaft. 
Betv/een the reactor anci quench sections a one and a 
quarter Inch pipe led to a rupture disk with the disk set 
to blow at approximately 10 pounds per square inch pressure. 
Before leaving the quench section the gas passed through a 
filter to remove any entrained catalyst. The filter was 
made up of five layers of cloth on a screen frame and was 
sealed to the quench section by riibber tubing fastened v/lth 
hose clamps. This made removal of the filter easy for in­
spection or addition of catalyst. It was later found that 
the quench section was actually acting as a condenser for 
much of the products formed so coolant flow in the jacket 
was stopped and a glass heating tape wrapped around it so 
that the gases left the quench section at a temperature of 
140° F. 
Figure 8 shov/s the product collection apparatus. After 
the gas left the filter it passed through a glass water-
'C) 
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Figure 8, fjroduct Collection Flow Sheet 
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cooled spiral condenser and then into a cold trap. The 
cold trap consisted of three rubber-stoppered 200 x 35 mm. 
test tubes inserted in a dry ice-trlchloroethylene bath to 
obtain a reduced tempers.ture. The conclensibles were re­
moved in these first two pieces of apparatus. 
The gas then passed throu.p:h a aeries of ten gas ab­
sorbers to remove any further products. Nine of the ab-
sorToers were made from 16 inch lengths of ^1 nun. glass tub-
in,-^ with rubber stoppers in both ends. Number five absorber 
v/as a four foot section of 70 injn. glass tubing v/iiioh v/aa 
packed to a height of 35 inches with 7/l6 inch ceramic 
balls. The first four and last tv/o absorbex-s each contained 
100 ml. of v/ater. Number five was filled with 750 ml. of 
water. Absorbers seven and eight each contained 150 ml. of 
a saturated solution of 2, 4-dlnltrophenylhydrazine in 2 N. 
hydrochloric acid, v/hile absorber six was charged with 
100 ml. of the same solution. The absorbers and cold trap 
rubber etoyjpers were fitted with devices to hold the I'ubber 
stoppers in place under the slight pressures v/hich were 
developed. 
The gas left the absorbers and flowed through a gas 
sampling tube and then to a wet test meter. The metered 
gas was then dispersed into the outside atmosphere by means 
of an air ejector which also provided a vacuum in the later 
stages of the apparatus. The condenser product receiver, 
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the cold trap and the absorbing train v/ere provided v/lth 
alternate paths for the gas so that timed collection of 
products could be made. The absorption train, (^as sampling 
tube and the v/et test meter can be seen In Figure 9» Q-lass 
stopcocks were used to rapidly shift the gas from the ntn 
path to the bypass. 
An attempt was made to centralize controls on a panel 
board. Flow meters, flow control valves, pressure manometers 
and heater controls v/ere centered there, i^'lght of the 
thermocouple readings were taken and recorded on a Brovm 
Electronlk recording potentiometer, shovm above the ab­
sorbing train In Figure 9* 
The range of variables that could be studied v/as 
limited by the equipment. The rotameters put an effective 
limit on the flow rate of about 7,000 cc. per minute, 
measured at 70° F. and 14.7 psla. Flow rates from this value 
dovm to 3,000 cc. per minute were studied, so that a tv/o-
fold range of flow rates was Included. 
At normal temperatures, the explosive limit of oxygen 
In propane Is about ^O'/a (19). To be certain that this limit 
was not exceeded. It was decided to keep the oxygen con­
centration In the feed at 35^ or below. Oxygen concentra­
tions of 10, 20 and 3O/S were investigated. Although temper­
atures of 1,450° F. v;ere encountered during the experiments 
the equipment v;as not designed to operate continuously above 
1,000° F. 
a 
-iH-
Flgure 9 -  Absor^jtlon Train 
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Exploslon and fire are ever present dangers v/hen v;ork-
ing v;lth hydrocarbon gases, and safety provision v/ere of 
paramount importance. The propane v/as stored outside and 
its flov/ could be stopped from the Inside by means of a 
solenoid valve. The apparatus v;as built in a separate 
laboratory. The equiT>raent v;as provided v/lth a rupture disk, 
vented to the outside. During operation an exhaust fan 
placed outside removed gases through a line, fitted v;ith a 
flame arrester, placed near the floor so that any escaping 
propane, v/hlch is heavier than air, v/ould be removed. 
Warnlnf^ lip:hta and signs, placed near all the entrances and 
inside the laboratory, cautioned against smoking or flames 
in the vicinity during operation. Tests were made with an 
explosion meter to discover any leaks. The propane and 
oxygen lines were both fitted to nitrogen and air supplies 
so that these gases could be used in warm-up and shut-down 
periods and so that the lines a.nd equipment could be purged 
of explosive gases when necessary. 
C. Operating Procedure 
The procedures developed for making a run or a series 
of runs required two operators. The catalyst v/as charged 
into the empty reactor through the filter opening. The 
filter was replaced and an air flov/ v/as started through 
-^3-
both lines. All heaters v;ere turned on to their maximum 
settlni;^ B. The temperature recorder was turned on at the 
same time. Aa the temperatures neared the desired operat­
ing level the variable transformers v;ere adjusted to keep 
the temperatures near this level. This warming up period 
required from tv/o to four hours, depending on the temper­
ature of the run. Nitrogen was then introduced into both 
linos to purge all the equipment of air to avoid explosive 
mixtures when the propane v&q introduced. After the nitrogen 
had been flov/ing at least ten minutes the propane was intro­
duced, cauBinf? a definite temperature drop because of the 
different specific heat of the propane. The heater settings 
were adjusted to counteract this variation and the pulsating 
plate assembly vas started. During the runs the oxygen flov/ 
was begun from five to ten minutes after the proi)ane flow 
was started. When the oxygen flow v/as begun the bed temper­
atures immediately increased due to heat of reaction. The 
temperatures were brought back to the desired levels by 
adjustment of the hee.ters. 
Liquid product appeared in the condenser about foiir 
minutes after the oxygen flov; vras begun. Steady state con­
ditions, indicated by lining out of the temperatures on the 
recorder and the steady production of liquid product, re­
quiring about an hour to attain, were reached before a 
timed collection of the product v/as begun. The pressure 
and flovr readings v;ere noted prior to the beginning: of the 
timed collection and the flov;s adjusted to the desired con-
ditionH. Up to this time the fiases had been passing throtigh 
the alternates cold trap and absorbing columns. 
A stop v/atch VB.B started r.nd the wet test meter road 
at the start of a timed collection of products. One of the 
operators then immediately switched the pas flov^ to the 
prepared gas absorbers and cold trap. The other replaced 
the condenser product receiver. The xrhole Bwitchinp process 
could be accomplinhod in less than 20 seconds. Thirty 
minute product collections were made. Durinn this tine 
enough product could be collected to characterize the run 
and if the conditions of operation were not conducive to 
the production of any product, a thirty minute run Kould 
also reveal this. 
Immediately after the start of the run a complete set 
of readlnp;s vras taken. All of the pressures and temperatures 
were read. This included a check of all of the tem-neratures 
indicated on the contimious recorder by means of a Leeds 
and Northrup No. 8662 potentiometer. A complete list of the 
data ta.ken durinc a run is contained in Appendix B. The 
variable transformer settings and the heater current were 
recorded also. Efforts were made durinf^ the run to keep 
the flows and pressures constant. The exit gas was run 
through the gas sampling tube for at least ten minutes to 
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obtain a representative sample. Another set of readings 
v/as made n(?ar the end of the run and recorded. Values re­
ported are averages of readings taken. 
After thirty minutes had elapsed the wet test metei' 
reading not^jd and the gas sivitched back to the pj.ternate 
absorbers and cold trap and the condenser product receiver 
replaced in t?ie saine order aa at the beginning of the run. 
Then, if another run was to be luade in the name aeries, ad­
justments v/ere made to the heater and flow Bettings so that 
the nexv' steady state could be attained as soon as possible. 
V.liile steady state was beinn: reached under the new condi­
tions the liquid product was collected. This involved the 
removal of the three cold trap containers and the draining 
of the first five absorbers. This material vras combined 
with the measured condenser product. All absorberr-!, the 
cold trap containers and the condenaer product receiver were 
thoroughly rinaed and the v/ashinia;s combined v;ith the original 
product. This liquid traa then made up to 2,000 ml. in a 
volximetric flask. The x/ator from absorbers nine and ten 
was first drained and a qualitative test made for aldohydea 
and ketones to determine if any of those niaterials had not 
been retained in the first eight absorbers. If the test 
proved negative the solutions v/ere discarded. If it proved 
positive thsy were added to the liquid product. The 2,4-
dinltrophenylhydrazlne precipitate was collected from 
absorbers six, seven and eight. The liquid product collec­
tion required one hour. 
V/hen the last run in the series had been made, nitrogen 
v/as switched into the oxygen line first and later into the 
propane line. All heaters vrere turned off except the glass 
tape heater on the quench section which xvas left on to pre­
vent any condensation of product during the cooling period. 
After nitrogen had been flowing for at least ten minutes, 
an air flov/ in the gas lines was maintained v;hile the 
apparatus was being cooled. VJiien the temperatures v;ere low 
enough the gas flov; was stopped and the catalyst drain plug 
removed in order to collect the remaining catalyst, v/hich 
was then weighed. 
The gas sample taken during the run was analyzed by 
a standard Orsat analysis v;hlch gave the volume percentages 
of carbon dioxide, unsaturated hydrocarbons, oxygen and 
carbon monoxide by chemical absorption and a term for propane 
and others by difference. 
The liquids were 6.nalyzed for content of acid, aldehydes 
and ketones, and alcohols by volumetric analyses. These 
general classifications of useful products were of interest 
simply to indicate the scftle of the conversion accomplished. 
Once high conversions v/ere attained, more detailed analyses 
would be made. The details of the gas and liquid analyses 
are found in Appendix A. 
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Caloulatlon based on the data and the analyses were 
made to deterfdne the results of the run. The calculations 
were designed to determine how much of the oxygen, the 
limiting reactant, had been converted to each of the 
products and from this to determine effects of catalyst, 
flov/ rate, temperature and feed composition. The detailed 
procedure followed during each calculation is found in 
Appendix B. 
D. Experimental Results 
Runs using four catalysts, designated as A, B, C and D 
were made. Catalyst A was Gelite, a diatomaceous earth pre­
pared by Johns Manville Company. Catalyst B v;as catalyst A 
coated with copper oxide. Catalyst C was made ut) of a 
mixture of $0^ catalyst A and $0^ catalyst B. Catalyst D 
contained 75^ catalyst B and 250 catalyst A. A detailed 
description of the catalysts and their preparation is given 
in Appendix C. 
Table 9 is a compilation of the conditions and results 
of all of the runs reported. The number of the run and the 
type of catalyst used is given at the head of each column. 
Item 2 \m8 used to designate the run temperature. Items 
4 and 5 do not include the inactive catalyst contained in 
the catalyst drain line. 
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Item Riin number and catalyst used 3A-A 35-A 36-A 37-A 38-A 39-A 
RON CONDITIONS 
Temperatures, °F, 
1 Mixed gases at reactor bottom 950 95A. 944 965 956 956 
2 1 in. above bottom 953 953 956 967 958 955 
3 13 in. above bottom 
Catalyst 
cyclic 897 1001 925 965 939 
A Weight charged, gm« 100 100 100 
5 Weight recovered, gm. 87 129 100 
6 Reactor pressure, in. Hg., abs. 
Feed ^ 
33.87 34.93 34.83 36.24 34.09 35.61 
7 Rate, cm, /min. at 14-.7 psia. and 70°F» 3229 3282 3239 3398 3128 3473 
& Oxygen, volume % 30.1 29.5 29.4 30.5 10.2 20.4 
9 Dry exit gas, mg. moles 2877 2478 2808 3602 2592 3308 
RUN RESULTS 
Dry exit gaa analysis, volume 
10 Carbon Dioxide 3.7 3.3 2.9 2.9 0.5 2.1 
11 Unsaturated hydrocarbons 26.5 27.0 27.6 26.6 6.0 21.1 
12 Oxygen 1.4 1.0 0.9 2.6 3.0 2.1 
13 Carbon monoxide 10.1 10.4 10.7 10.7 0.4 5.2 
14 Propane and others, by difference 
VtTeight of liquid products, mg. moles 
58.3 58,3 57.9 57.2 90.1 69.5 
15 Acids 0 0 0 0 0 0 
16 Alcohols 3.57 3.57 4.82 8.03 1.37 11.24 
17 Aldehydes and ketones 37.79 53.72 58.36 64.3 9,76 49.95 
18 Total useful products 
Distribution of oxygen fed, % 
a.36 57.29 63.18 72.33 11.13 61.19 
19 Carbon dioxide 8.8 6.8 6.9 8.1 3.3 7.9 
20 Oxygen 3.3 1.0 2.1 7,3 19.6 7.9 
21 Carbon monoxide 12.1 10.7 12.7 14.9 1.3 9.8 
22 Acids 0 0 0 0 0 0 
23 Alcohols 0.15 0.15 0.20 0.31 0.17 0.64 
24 Aldehydes and ketones 1.56 2.23 2.47 2.49 1.23 2.83 
25 Total useful products 1.71 2.38 2.67 2.80 1.40 3.47 
26 Total in dry measured products 25.9 20.9 24.4 33.1 25.5 29.0 
Total, including of reaction 
89.6 27 Maximum 80.9 62.6 81.2 98.0 48.9 
28 lyiinimum 69.2 51.7 68.5 83.8 41.4 74.1 
29 Accountability of carbon fed, maximum % 93.2 79.5 91.2 111.0 71.9 91.7 

Table 9 
Experimental Results 
38-A 39-A 40-A 41-A 42-A 43-A M-B 45-B 46-B 49-3 50-C 51-C 52-G 53-C 
956 956 951 960 833 899 497 650 804 427 917 942 843 844 
958 955 967 984 828 . 907 520 662 815 823 901 945 858 849 
965 939 948 958 844 893 500 642 760 675 898 930 854 856 
100 100 100 105 100 100 100 100 
100 100 81 106 90 76 74 91 
34.09 35.61 36.93 40.47 38.30 40.72 39.95 41.03 36,56 46,68 43,00 45,98 40.16 35.64 
3128 3473 4901 6112 6019 6273 6399 6249 7237 6279 6182 6685 6150 4744 
10.2 20.4 18.2 20.6 19.8 19.9 19.5 19.6 19,4 19,1 10,1 9.6 10.5 10.2 
2592 3308 ao9 5646 4916 5358 7009 6767 6823 7435 7559 5604 
0.5 2.1 1.9 1.2 0.2 1.1 
6.0 21.1 17.5 23.0 1,6 0.4 
3.0 2.1 1.4 1.5 U.5 11.9 
0.4 5.2 3.2 4.9 0.3 0 
90.1 69.5 76.0 69.4 83.4 83.0 
0 0 0 0.77 0 0 
1.37 11.24 10.71 14.98 0 1.61 
9.76 49.95 57.72 97.89 5.99 20.48 
U.13 61.19 68.43 113.64 5.99 22.09 
3.3 7.9 7.1 4,3 0.8 3.8 
19.6 7.9 5.2 5,4 59.0 41.1 
1.3 9.8 5.9 8,9 0.6 0 
0 0 0 0,05 0 0 
0.17 0.64 0.48 0,48 0 0.05 
1,23 2.83 2.61 3,13 0.20 0.66 
1,40 3.47 3.09 3,66 0.20 0.71 
25,5 29.0 21.3 22.3 60.6 45.6 
48,9 89.6 65.0 75,9 65.5 55.7 
41.4 74.1 52.3 59,5 64.2 52.9 
71.9 91.7 79.9 90,3 85.5 75.3 
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0.2 6.8 2,6 3,0 0.8 0.6 
0.4 0.2 7,8 9.4 0.5 0.4 
20.2 5.2 2,6 0.9 9,5 8.9 
1.7 1,1 1,0 1.4 0,1 0.1 
77.5 86.7 86,0 85.3 89.1 90.0 
0 0 0,74 0.37 0 0 
1,43 0 3,57 6,60 0 0 
0,37 1.60 31,8'7 47,18 3.03 2.85 
1,80 1.60 36,in 54.15 3.03 2.85 
0,8 30.8 22,9 27,9 7.5 5.9 
81*2 23.6 22,9 8,4 89.3 87.3 
3,4 2.5 4,4 6.5 0.5 0.5 
0 0 0,10 0,05 0 0 
0,04 0 0,23 o,a 0 0 
0,01 0.05 2,06 2,95 C.19 0.24 
0,05 0.05 2.39 3,41 0.19 0.24 
85.5 56,9 52,6 46.2 97.5 93.9 
91.4 81,3 110,1 120.2 105.6 100.7 
90.7 81,1 97,1 103.3 104.8 99.9 
76.0 93,2 94.4 96.0 99.4 101.0 

45-B 46-B 49-B 50-C 51-C 52-C 53-0 54-C 55-C 56-0 57-B 58-B 59-D Item 
650 804 427 917 942 843 844 835 830 828 835 858 820 1 
662 815 823 901 945 558 849 858 847 853 850 957 849 2 
642 760 675 898 930 854 856 848 850 861 840 952 9U 3 
100 100 100 100 100 100 100 4 
106 90 76 74 91 117 80 75 5 
a.03 36.56 46,68 43.00 45.98 40.16 35.64 33,67 37.16 40.97 34.84 40.51 39.15 6 
6249 7237 6279 6182 6685 6150 4744 3157 4867 4098 4714 4751 4693 7 
19.6 19.4 19.1 10.1 9.6 10.5 10.2 9.0 20.0 29.3 19.2 20.0 19.3 8 
7009 6767 6823 7435 7559 5604 3651 5694 5510 5583 5557 5658 9 
§ 0.2 6.8 2.6 3.0 0.8 0.6 1.0 0.6 1.5 0.5 6.2 4,5 10 0.4 0.2 7.8 9.4 0.5 0.4 0.6 1.1 2.0 0 8.9 18.8 11 pSR 
20.2 5.2 2.6 0.9 9.5 8.9 7.0 17.8 25.5 18.0 4.5 1.7 12 
03 1.7 1.1 1.0 1.4 0.1 0.1 0 0.3 1.0 0.4 4.0 4.9 13 O i—l o. 
77.5 86.7 86.0 85.3 89.1 90.0 91.4 80.2 70.0 81.1 76.4 70.1 U 
1 CO 0 0 0.74 0.37 0 0 0 0 0 0 0.74 0.74 15 
o 1.43 0 3.57 6.60 0 0 0 1.78 3.57 0 7.14 4.28 16 
13 0.37 1.60 31.87 47.18 3.03 2.85 0.83 3.77 U.25 0.77 32.71 46.68 17 
T3 (D 
1.80 1.60 36.18 54.15 3.03 2.85 0.83 5.55 17.82 0.77 40.59 51.70 18 
& Q) 0.8 30.8 22.9 27.9 7.5 5.9 10.3 2.8 5.6 2.5 29.2 22.7 19 
81.2 23.6 22.9 8.4 89.3 87.3 72.4 83.9 94.2 89.4 21.2 8.6 20 
o 3.4 2.5 4.4 6.5 0.5 0.5 0 0.7 1.9 1.0 9.4 12.3 21 
+» 0 0 0.10 0.05 0 0 0 0 0 0 0.06 0.07 22 
•§ 0.04 0 0.23 0.41 0 0 0 0.07 0.12 0 0.30 0.19 23 w
o tl 0.01 0.05 2.06 2.95 0.19 0,24 0.12 0.16 0.48 0.03 1.38 2.08 24 p. 0,05 0.05 2.39 3.41 0.19 0.24 0.12 0.23 0.60 0.03 1.74 2.33 25 
o fs> 85.5 56.9 52.6 46.2 97.5 93.9 82.7 87.7 102.2 92.9 61.4 45.9 26 
91.4 81.3 110.1 120,2 105.6 100.7 93.0 93.3 112.6 95.9 116.3 126.9 27 
90.7 81.1 97.1 103.3 104.8 99.9 91.9 92.2 110.9 95.9 108.1 109.5 28 
76.0 93.2 94.4 96.0 99.4 101.0 94.5 96.1 111.9 96.0 105.3 111.7 29 

The volume of dry exit gas, stripped of all liquid 
products was used to determine item 9- Items 10 through 
14 give the contents of this gas. The amounts of the useful 
products, defined as acids, alcohols, and aldehydes and 
ketones are found in items 15, 16 and 17 v.'ith the total 
in Item 18. 
Items 19 through 28 are an indlcG.tlon of v;hat happened 
to the oxygen fed. Item 25 is the total of items 22, 23 and 
2k s,nd has been used as the means of comparison of the runs. 
Item 26 is the sum of items 19 through and indicates the 
amount of oxygen fed VAhlch has been directly mep.sured in 
the reactor exit gas. Items 27 and 28 include item 26 
plus the maximum and minimum amounts of the oxygen in the 
hypothetical v/ater of reaction possibly associated v/ith the 
various products measured. 
Item 29 gives the accountability of the carbon if all 
products measured v;ere assumed to contain the maximum pos­
sible carbon. 
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V. DiscirasioN 
A total of 59 runs was made on the equipment. Runs 
one through 3^ v/ere necessary to perfect the equipment and 
the product collection apparatus and to develop operating 
procedures. During these runs it vas found that a temper­
ature of 800° F. was necessary, even with the catalyst, to 
effect any conversion to useful oxygenated products. A 
tendency for the temperature above the catalyst to increase 
in an uncontrollable manner was also noted vrhen the bed was 
operating at 950° F. It was impossible to maintain the 
temperature above the bed at 950° F. but it could be kept 
at 900° or 1,000° F. Runs 35 s.nd 3^ v/ere made to de­
termine the effect of this temperature. Runs 37 through 
43 v;ere made to determine the effect of temperature, flow 
rate and feed composition on conversion v;hile using catalyst 
A. 
Runs kk through were made to study the effect of 
catalyst B at 500° F. and 800° F. Runs , 48 and ^9 were 
made to test catalyst B at 875° F- but the temperatures could 
not be controlled. Accidents prevented the taking of ob­
servations and products during runs 47 and 48 so they are 
not reported. Run 49 v/as only partially successful, so a 
new catalyst, G, was tried. Runs 50 through 56 v;ere a 
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serles to evaluate the effects of temperature, flow rate 
and feed oompofsition on conversion In the presence of 
catalyst C. Runs 57» 58 and 59 v/ere made to study the 
effect of catalyst composition on the yield. 
Temperature v/as the variable x^hlch had most effect on 
the conversion of oxygen to useful products. Very little 
conversion was noted with any of the catalysts below 800° F. 
The effect of temperature on conversion Is shown by runs 
41, hZ and ^3 for catalyst A and by runs 50, 51 and 52 for 
catalyst 0. Figure 10 Is a plot of Items 3 and 25 In 
Table 9> and shov.'s that the yield of useful products In­
creased v;lth temperature for both catalysts A and C. It 
will be noted that the points were not taken at exactly the 
same conditions of flow rate and composition and are not 
strictly comparable. Neither curve appears to have reached 
a maximum, Indicating that Increasing the temperature v/ould 
probably Increase the yield of useful products. 
The experience v;lth the equipment verified the temper­
ature control exercised by a fluldlzed bed, but showed that 
this control v;as subject to limitations. If the propane 
and oxygen, heated to the desired reaction temperature, v;ere 
mixed before they were In the presence of the catalyst they 
v/ould react Immediately and the temperature at the point 
of mixing would be very high. Mixing In the presence of 
the catalyst eliminated this problem. It v;as also Impossible 
-52-
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to make blank runs with no catalyst because the reactor 
temperature could not be controlled. There v;ere limits 
to the ability of the bed to control the temperature. With 
catalyst A it v/aa noted that the temperature I3 in. above 
the bottom of the bed had a tendency to vary in an un­
controllable fashion at an operating temperature of 950^ F. 
This therinooouple v/as normally above the level of the catalyst 
and it is probable that the gases leaving the influence of 
the bed and still containing free oxygen behaved as if they 
were Just coming into contact v;ith each other at this hi^ 
temperature with a resultant hot spot. Efforts to keep this 
temperature at 950° F. were unsuccessful, resulting in a 
cycling temperature above and below the desired temperature. 
A somewhat strange development was the ability to control 
this temperature at 900° or 1,000° F. Runs jk, 35 and 36 
were made to study the effect of these temperatures and 
show from item 25 in Table 9 that it is better to run v/ith 
the temperature Just above the bed at 1,000° F. in run ^ 6 
than at 900° F. in run 35 v;ith both giving better results 
than the cycling temperature of run Jk. 
Catalyst B employed copper oxide because of its oxida­
tion potentialities. It promoted product formation at 
temperatures below those found necessary for catalyst A. 
However, v;hen temperatures of 875° F. were employed the 
temperatures within the bed could not be controlled. This 
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was probably due to the pov;erful effect of the coppcr oxide 
which forced the reaction to proceed rapidly e,t this temper-
atvire despite the effect of the fluid bed. This action v/aa 
noted in runs and h8. In nin 49 an attempt vaa made to 
control the bed temperature by feedlnf? relatively cool 
reactants and using the heat of roaction to raise their 
temperature to the reaction temperature. This v/aa partially 
successful but the control vras still poor. 
V/hen catalyst C waa iised, the bed temperatures could 
not be controlled at temperatures of 900° F. and 20/1 oxygen 
concentration in the feed, ifhen the oxyr en content vras re­
duced to 10^, thus reducing the total possible reactant 
material and the heat of reaction the temperature could be 
controlled, indicating that the bed could dissipate this 
reduced amount of heat. 
The effect of oxygen concentration in the feed v/aa 
shov/n by runs 37, 38 and 39 for catalyst A and runs 531 55 
and 56 for catalyst C. Figure 11 is a plot of items 8 and 
25 from Table 9 for these runs. The plot for catalyst A 
indicates that a maximum conversion of oxygen to useful 
prooucts was obtained v;lth a 20^ concentration of oxygen 
in the feed. With catalyst G there w&a not too much varia­
tion of conversion v;ith concentration, although the 30^ 
point was slightly higher than the others. The individual 
catalysts were run at different temperatures so that the 
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tv70 curves obtained are not strictly comparable. 
Runs 39, ^ 0 and were made to shov; the effect of flow 
rate on conversion for catalyst A and runs 52, 53 and 5^ for 
catalyst 0. Items 7 ^-nd 25 from Table 9 are plotted in 
Fif^ire 12 for the two catalysts. Both of these curves show 
that flow rate does not have much effect on conversion. 
There is a minimum in the curve for catalyst A at medium 
flow rates but it is not too pronounced. The nlight maximum 
shovm for catalyst 0 at the medium rate is not marked enough 
to conclude that this is the best flow rate. Again the two 
curves are not strictly comparable because of different 
temrjeratitres and feed compositions. 
Catalyst A v/as effective in the control of temperatures 
up to 950° F. with oxygen concentrations in the feed of up 
to 30>i. Catalyst B v/as made of copper oxide coated on 
catalyst A to get a catalyst ^ith stronger oxidation pov/er, 
and shov/ed better results because some product was found at 
800° F. in run 46 v/hereas no product v&b foimd with catalyst 
A at this temperature. Catalyst B caused uncontrollable 
temperatures at lower temperatures than catalyst A, vhich 
was also attributed to its higher oxidizing power. 
Catalyst C was compounded of 50/^ catalyst A and 50;^ 
catalyst B to gain the temperature control of the first and 
the oxidizing power of the second. The result v/as a 
catalyst with characteristics somewhat between the two — it 
-56-
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oould work at the higher temperatures of catalyst A but 
the oxygen concentration in the feed had to be kept at 10^ 
at these temperatures. 
Catalyst D consisted of 75/^ B and 25>» A and v;as made 
In an effort to study the effect of catalyst composition in 
conjunction with B and 0 in runs 55» 57 and 59- This series 
v/as unsuccessful because the temperature In and above the 
bed could not be controlled In run 59> so no conclusion can 
be dravm as to the effect of the catalyst composition other 
than the general ones already made. 
The data of Table 9 show that In all cases, there was 
always at least 0.9^ of oxygen In the exit gas. Item 20 
indicates that significant portions of the oxygen fed 
generally survived the reaction. This shows that the con­
versions obtained were not limited by the amount of re-
actants and that conversions conceivably could be better If 
only all the oxygen available v;ere used. High concentra­
tions of oxygen always occ\irred v;here the yield of useful 
products was low. 
The results also shov; that v;henever there was a sig­
nificant yield of useful products there vras also a relative­
ly high concentration of unsaturated hydrocarbons in the 
exit gas. There is an apparent relation betv/een these tv/o 
quantities as shown by Figure 13 which is a plot of the 
weight of unsaturated hydrocarbons, in mg. moles, in the 
exit gas, (obtained by the product of items 9 and 11 in 
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Table 9) vs. the weight, In mg. moles, of the total useful 
products obtained in any run. The presence of the unsaturates 
is not too surprising because the Celite used as catalyst A 
was a commercial cracking catalyst. 
The concentrations of carbon monoxide and carbon dioxide 
as shown by items 10 and 13 or 19 and 21 indicate that much 
of the oxygen was used to form these compounds from the 
carbon of the propane. V/hether this v/as the result of a 
direct conversion or due to decomposition of useful products 
is not apparent from the data. High conversions to carbon 
monoxide and carbon dioxide usually accompanied high con­
versions to useful products. 
The conversions reported are highest for run ^ 1 which 
gave a total 3*66^ of the oxygen fed converted to useful 
product, with 3.13^ converted to aldehydes and ketones, 
0.48^ to alcohols and 0.05/» to acids. Delfitt and Hein 
reported 2.95,"^ maximum conversion under similar circum­
stances in an investigation of six catalysts in 10.5 runs (20). 
The results are subject to errors introduced by the 
analyses. The gas analysis is accurate only to 0.1^ of the 
total gas, which represents a much higher percentage of the 
component gases. 
The analyses of the useful products are subject to 
different errors. The acid values v/ere found by the simplest 
and most accurate method. The value given for the wei^t 
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of aldehydes and ketones is the aum of tv^o values as noted 
in the section on analysis. The error involved by assuming 
that tlie precipitate from the 2,4-dinitrophenylhydrazlne 
absorbers v/as the derivative of formaldehyde is very small. 
In run 51» if l^ho precipitate had been assumed to be the 
derivative of acetone rather than that of formaldehyde, the 
total value for the v/eight of aldehydes and ketones would 
have been 97«1^ instead of 97«89 and the conversion v;ould 
have been reduced from 3.13 to 3.11/^ of the oxygen fed. 
This Is less than 1)^. 
The alcohol analysis is subject to considerable error. 
The concentrations of alcohol found are close to the lowest 
values detectable by the method of ana.ly8ii>. The error in 
any reported value may be as great as I.5 mg. moles. Hov/ever, 
the alcohol value is only a minor portion of the total useful 
products and the effect of error in this term is reduced. 
The conversions noted are all based on oxygen since it 
is the limiting reaotant and an exact accounting of the 
oxygen content of the various classes of compounds can be 
made. The carbon content would be entirely dependent on 
analyses for all the possible compounds found. Any acid 
compound v/ill always contain at lea.st one mole of oxygen per 
mole of product. Alcohols, aldehydes and ketones will alv/ays 
contain one half mole of oxygen per mole of product, no 
matter v/hat the individxial compounds may be. Thus, an exact 
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measure of the oxygen content can be made without knowing 
the individual compounds whereas the carbon content cannot 
be known exactly unless the individual compounds are known. 
Since propane was the more expensive reactant, yields 
based on carbon are of Interest. If the products were 
assumed to contain the maximum possible amount of carbon, 
the conversion of the carbon feed for run 41 would be: 
The maximum amoimt of carbon in the above products was 
found to be 4,583 mg. moles by calculations similar to 
Appendix B. If it were assumed that all of tlie carbon not 
found in those products v;as contained in unreacte(5 propane 
in the exit gas v;hich coi;ild be recycled to the feed, the 
fresh propane feed would only have to supply the 4,583 Mg* 
moles of carbon. On the basis of this fresh carbon feed, 
conversions v;ere found to be: 
Carbon dioxide 
Unsaturated hydrocarbons 
Carbon monoxide 
Acids 
Alcohols 
Aldehydes and ketones 
Total 
0 • h'% 
21.5 
1.5 
0.01 
0.25 
1.62 
25.29^ 
Carbon dioxide 
Carbon monoxide 
1.6% 
Unsaturated hydrocarbons 
Useful products 
6.0 
85.0  
Acids 
Alcohols 
Aldehydes and 
ketones 
0.05 
0.98 
6.41 
Total 
Total useful products 7.-» 
100.0,^ 
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ThuB, 92.4^ of the fresh carbon feed could be found 
in the useful products or in the unsaturates, v.'ith only 
7.6^ being converted to carbon monoxide and dioxide. 
The data given for item 26, shov/inr'; the amount of oxygen 
found in the directly measured products, does not account 
for a large portion of the oxygen fed V7hen large amounts 
of useful products are encountered. Some of this oxygen 
v/ould probably be associated with hydrogen in v;ater. 
During the formation of the oxygenated hydrocarbons 
from the propane some hydrogen v/ill be liberated. There are 
only one or two possible products, such as methyl or ethyl 
alcohol, which contain more hydrogen per carbon atom than 
does propane. This liberated hydrogen could be present as 
free hydrogen, or it might be associated with either the 
oxygen In the form of water or v/ith carbon in the form of 
other saturated hydrocarbons, methane, for example. ^Vhen-
ever conversion was noted there was always a large amount 
of liquid which was found in the condenser receiver. The 
amount was far too great to be only the liquid products 
which were measured later. Distillation of a sample re­
vealed that there was not enough material other than water 
to be analyzed for in this manner. The maximum amount of 
hydrogen that would be available for formation of water 
would be obtained if it v/ere assumed that all of the carbon 
from the propane converted v/as found in the measured dry 
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produots and all of the hydrogen originally associated with 
this carbon in the propane but not found in the measured 
products had been converted to water. This assumption also 
calls for the maximum use of oxygen as associated with 
hydrogen. 
Calculations based on this assumption were made. The 
amount of hydrogen available for water formation v/ould 
naturally be dependent on the nature of the measured products 
formed from the propane. In the case of carbon dioxide and 
carbon monoxide, an exact relationship can be formulated and 
a definite amount of hydrogen is liberated v;hen one mole 
of propane is converted to these products. In the case of 
the other products, unsaturated hydrocarbons, acids, alcohols 
and ketones, this amount of hydrogen cannot be exactly es­
tablished since it is not known from the analysis Just how 
much hydrogen is associated with the carbon of the product. 
However, the maximum and minimum amounts of hydrogen which 
would be available and the consequent maximum and minimum 
amounts of water that could be formed could be calculated 
by assuming that the material reported was composed of the 
compounds v/hich had the least and the most hydrogen from 
the propane still retained in the compounds. This procedure 
has been followed according to the tables shown in Appendix 
B. Acetylene is so reactive that no compounds of this 
nature would likely survive the reactor. All unsaturated 
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hydrocarbons are thus assumed to have a double bond. The 
other products were assumed to be saturated. 
These maximum and minimum amounts of water of reaction 
formed were calculated and v;hen added to the oxygen found In 
the dry measured products» gave the maximum and minimum total 
percentages of the oxygen fed v/hlch was converted. These are 
the values recorded for Items 27 and 28 In Table 9. 
The accounting of the carbon fed In the propane Is 
similarly subject to a range of values. Unsaturates might 
contain two or three carbon atoms per mole of measured 
material. The liquid products could contain from one to 
three moles of carbon per mole of product. The term, pro­
pane and others, was determined by difference and, while 
extremely likely that it conaists almost entirely of propane 
with three carbon atoms per mole, could conceivably be 
methane with a one to one ratio or, in the extreme, hydrogen 
v/lth no carbon at all. Since the term propane and others 
is by far the largest, the calculations based on it v/111 be 
closely reflected in the totals. The minimum, zero, in this 
case is rather meaningless since it is impossible for this 
quantity to be composed entirely of hydrogen. This minimum 
value is not reported in Table 9 because of this. 
The accountability of the oxygen and the carbon for the 
runs up to number fifty was, in general, very poor. The 
equipment was partly dismantled after run 49 and it was found 
that gases were leaking from the quonoh section. V.Q-ien these 
leaks v/ere repaired, the material balances improved con­
siderably as can be seen In Table 9« Here it vlll be noted 
that hlp;h or low values for both the carbon and the total 
oxyfiren balance occur simultaneously. This could be due to 
errors in either the inlet or exit f^as flov/ rates. A high 
value could also be due to the presence of hydrofa:en in the 
exit fras, for both calculations were based on the premise 
that hydrojyen was not rjresent. If free hyf^frogen were present 
it would mean that less oxyrren would be used in the v;ater 
of reaction terra and that some of the propane and others 
term i/ould bo due to hydrogen and not to propane, as assumed 
in the "maximum" calculations. The oresence of methane or 
ethane in the exit gas v/ould also have the same effect, 
though not as pronounced. 
The low accountability of the oxygen for runs up to 
fifty was due to gas escaping from the quench section. This 
was product gas and the assumption could be made that this 
gas had the same composition as the gas x/hich contained the 
measured quantities of products. By adjusting the measured 
conversions by the fa.ctor of the maximum percentage of 
oxygen fed found in the measured products and calculated for 
the water of reaction (item 2? in Table 9) new values for 
conversion of oxygen v/ere found v.'hich automatically made the 
oxygen balance perfect. The adjusted and observed values 
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of percentage of oxygen fed found In total useful products 
is shov/n in Table 10 for the runs 37 to 43 with catalyst A. 
If the assumption made were correct, the conversions would 
be Increased markedly In some oases. 
Table 10 
Adjusted Values of Conversion of Oxyp-en Fed 
to Total Useful Products 
Run number 37 38 39 40 41 42 43 
Observed 2.80 1.4o 3-47 3.09 3-^6 0.20 0.71 
Adjusted 2.86 2.87 3.87 4.75 4.83 0.3I 1.27 
One of the recent design developments in the fluid 
catalytic cracking of petroleum has been the orthoflow unit 
of the H. V/. Kellogg Company. The application of this unit 
to an oxidation of hydrocarbons process employing some of 
the principles of this investigation is shown in Figure 14. 
The pulsating plate fluldization would be impractical in 
large sizes so a conventional fluldized bed is shown here. 
Propane and tonnage oxygen are used to make oxygenated 
products. 
Propane feed passes through the cooler, picking up 
catalyst on its v/ay, and into the fluldized bed of the 
reactor. Oxygen is brought in by a separate line so that 
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Figure 14. Application of Orthoflou Catalytic Unit 
to Oxidation of Hydrocarbons 
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the nixing takes place in the presence of the catalyst. The 
location of the reactoi* and cooler vith respect to each 
other, aa shown, reduces the length and number of bends in 
the catalyst lines and thereby the erosion. 
Temoerature control and removal of the heat of reaction 
are accomplished by the rapid transfer of the hot catalyst 
to tlie cooling section. The heat is removed from the cool­
ing vessel by a hoat exchanp^er vhich v/ould act as a waste 
heat boiler and by the air stream v/hlch io used to maintain 
the cooler bed in the fluid state. The air naaaing through 
the catalyst could remove large quantities of heat which, 
if desired, could be recovered in a flue ras heat exchanger. 
If carbon were formed on the catalyst in the reactor, the 
air vould also regenerate the catalyst. Some of the steam 
would be used to strip absorbed products from the oate.lyst 
flowing to the cooler. 
Since the lieat is liberated more rapidly in the reactor 
than it oould be dissipated in a oooler of the same size the 
lower chamber v/ould have to be somewhat larger than the re­
actor. Ideally, if the heat dissipation v;ere as rapid in 
the cooler as its liberation were in the reactor, these two 
functions could be accomplished in a single vessel. Heat 
removal could be only by the heat exchanj^er in such an 
arranp^oraent a lace the air vould be unnecessary. If re­
generation of the catalyst v;ere required, another separate 
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vesael v/oixld be heeded. 
The products and unreacted feed would be sent to a 
separation and purification plant from the reactor. Excess 
propane v;ould be recycled. 
The separation and purification plant is a major item 
of capital expense in present installations for oxidation 
of hydrocarbons, because of the complicated and hard-to-
separate mixtures of products which are obtained. This 
points up the need for a selective catalyst. If catalysts 
were available to limit the products to one or tv/o, this 
involved and expensive separation plant v/ould be unnecessary. 
A catalyst v/lth a high specificity v/ould be much more desir­
able in this resToect than one v;hich gave a high overall 
yield of a mixture of products. 
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VI. CONCLUyiON'^ AND RiOCOIlMENDATIONS 
The ooncluslonf? and reoomraendatlons derived from this 
investigation are the following: 
1. The advantage of temperature control possessed by 
a fluidiaed bed is well suited for application to catalytic 
hydrocarbon oxidation. 
2 .  The pulsating plate apparatus developed provtcfed a 
catalyst bed in a small tube similar to a true fluidized 
bed. The application of this type of bed is limited to small 
pieces of equipment because of mechanical difficulties. Its 
large length-to-diaraeter ratio limits its use also. Hot 
spots developed in the apparatus used, despite the T>resence 
of the catalyst. 
3. The catalytic oxidation of propane depends primarily 
on temperature \;ith catalysts employed, v;ith flov/ rate and 
oxygen content of the feed being of minor Importance. No 
product v/as noted below temperatures of 800° F. 
Mixing in the presence of the catalyst was necessary 
to avoid run-away reactions and hot spots. High reaction 
temperatures and high oxygen concentrations also produced 
hot spots. Heat transfer capabilities of the bed could 
probably be Improved by: 
a. uae of a true flul'3izefjl bed In a larger 
reactor, 
b. use of a quench stream rjuch aa mter rl.li->ectly 
above the reaction zone, 
c. Introduction of inerts nuch as nltroc^en or 
stear. in the feed, or the iise of B.ir as a 
feed, 
d. use of relatively cool fetJd fgaacG to absorb 
the heat of reaction, 
e. circulation of catalyst to an external cooler. 
5. Aldehydes and ketones v.'ere the main useful reaction 
products found, accompanied by smaller amounts of alcohols 
and, occasionally, acids. The yields of these general 
clasEsa of compounds i,vere not hifrh enough to warrant analysis 
for individual compounds. 
6. The best yield obtained i^^as of the oxygen 
fed converted to useful products at a bed temricrature of 
9824." F. vith an oxygen concentration of 20.in the feed. 
7. The catalysts used vere not selective, rtrofuoing 
iuixturee containing mainly aldehydes anrl ketones in all 
cases. Celite of a fluidlzablo grade was the basic na-talyst. 
This material v/ith a coating of copper oyide was used aa a 
second catalyst and mixtures of the tvro were employed aa 
tv;o additional catalysts. The copper oxide added to the 
oxidation po-w-rer of the Gelite. Properties desirable in any 
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future catalyst would be promotion of the reaction at letter 
temperatures and a high degree of selectivity. 
8. Dehydrogenatlon, v/lth the formation of large amounts 
of unsaturated hydrocarbons alvmys accompanied high yields 
of useful products, along v/lth smaller amounts of carbon 
monoxide and carbon dioxide. An apparent relationship be­
tween the moles of unsaturates and the moles of useful 
products fbrmed was noted. More information concerning this 
relationship would be desirable in any future investigation 
as this might be the key to the method by v/hich the re­
action proceeds. The influence of oxygen in the feed on 
the production of unsaturates would be interesting to know 
also, since it might reveal whether the useful products are 
formed from the unsaturates or directly from the propane. 
9 . Higher yields v;ould have been realized iinder the 
conditions studied if all of the oxygen fed had reacted. 
The exit gases always contained unreacted oxyr^en. By making 
assumptions concerning the vxater formed in the reaction, an 
almost complete accounting of the oxygen feed could be made. 
10. The investigation v/as limited by the apparatus to 
temperatures of less than 1,000° F., flov/ rates of 7»000 
cm.^/min. and oxygen concentrations of Greater temper­
atures than this would be very desirable if they could be 
controlled properly since temperature conversion plots 
indicated that yields would increase further with higher 
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temperatures. No definite accounting could be made of all 
the inateriala fed because of physical losses and Indefinite 
analyses. A measure of the water actually formed and a 
hydrogen analysis of the exit gas vrould help considerably 
In further studies. 
11. The interpretation of experimental data v/as made 
extremely difficult by the complicated analyses Involved 
and the complexity of the mixtures obtained. The analyses 
were time consuming and did not reveal all of the desirable 
information. More accurate analyses v/ould be highly de­
sirable. 
12. The maximum conversion of fresh carbon feed, assum­
ing propane recycle, no carbon deposition on the catalyst 
and maximum carbon content of the various products, was 
7.4^ to useful products, 85.0^ to unsaturated hydrocarbons, 
and 7*6^ to carbon monoxide and dioxide. 
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APPL'NDIX A. ANALYSES 
The gas coming from the reactor contained the reaction 
products and the unreacted portions of the feed. The con­
denser, cold trap and abfjorbere collected all of the liquid 
products including alcohols, aldehydes, ketones, acids and 
v/ater. The gas which v;as measured in the wet test meter 
contained gaseous oxygenated products such as carbon dioxide 
and carbon monoxide, unreacted oxygen, and propane, as v;ell 
as other possible hydrocarbon products which would result 
from the fracture of the propane molecule. These other 
hydrocarbons might include methane and ethane as well as 
unsaturates, ethylene, propylene or acetylene, for example. 
Hydrogen might also be present. 
The actual volume of the gas during a timed run was 
obtained from the v/et test meter data. A 250 ml. gaa 
sampling tube of this gas was taken during the run and was 
later subjected to a standard Orsat apparatus analysis. 
The gas analysis determined the volume percentages of carbon 
dioxide, carbon monoxide, oxygen and unsaturated hydro­
carbons by chemical absorption. The absorbing solutions 
used in the Orsat type gas analysis were the follov;lng: 
1. For carbon dioxide: a solution of potassium 
hydroxide. 
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2. For unsaturated hydrooarbons: an excess of liquid 
bromine in a solution containing 5/» of potassium hydroxide. 
3. For oxygen: an equal volume of a 15/i solution of 
pyrogallic acid in water and 30;3 potassium hydroxide. 
k. For carbon monoxide: a solution of 11.5 grams of 
cuprous chloride in it-3 "il* of concentrated ammonium hydroxide 
and 50 ml. of water. 
The remainder of the gas v;aa listed as propane and others. 
The major portion v/as unreacted propane, but saturated 
hydrocarbons, such as methane and ethane, and hydrogen 
v/ould also be contained in this amount. This analysis and 
the dry volume of the gas obtained from the v/et teat meter 
gave a measure of the total amount of these components 
present. 
Liquid products were obtained in the condenser, the 
cold trap and the absorbers, li^arly tests showed that not 
all of the product formed during a 30 minute run could be 
absorbed in the first five water absorbers. Aldehydes and 
ketones were present in the gas after it passed through the 
water. To retain these products, three absorbers containing 
2,4-dlnltrophenylhydrazine were inserted In the absorber 
/ 
train. This material forms a precipitate with all aldehydes 
and ketones. The last tv/o v;ater absorbers were used as a 
check to see that no products survived the preceding ab­
sorbers. 
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The absorbing liquid from the first five absorbers was 
combined Kith the liquid obtained from the condenser and 
the cold trap and the rinse water from all three and made 
up to 2,000 ml. in a volumetric flask. Portions of this 
volume were then taken for analysis. An acid analysis v/as 
made using sodium hydroxide (^0). The aldehydes and ketones 
in the liquid solution were determined using the hydroxylamine 
hydrochloride method of Brochet and Cambier (1^). In this 
method the acid released v/hen a neutral solution of alde­
hydes or ketones is treated with hydroxylamine hydrochloride 
is titrated v/ith a standard potassium hydroxide solution. 
Alcohol was determined according to the method of Fischer 
and Schmidt (22). In this determination the alcohol is 
reacted with nitrous acid to form the volatile nitrite ester 
which is swept out in a current of carbon dioxide and sub­
sequently absorbed in a potassium iodide solution contain­
ing hydrochloric acid. The iodine released is then titrated 
v;ith standard thiosulfate solution. 
These tests gave the number of moles of the indicated 
products v/iiich could be converted immediately to moles of 
oxygen. Hov/ever, after the 2,4-dinitrophenylhydra2ine 
precipitate obtained was weighed, it gave a weight contain­
ing a number of moles depending on the type of the compound. 
Because of the high molecular weight of the absorbing agent 
(M.W. = 198), the absorption products formed for different 
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oompounds vary comparatively little. The molecular weights 
of the formaldehyde, acetaldehyde and acetone derivatives 
are 208, 222 and 236 respectively. Thus an error of about 
10/^ at most would be Introduced by assuming that the pre­
cipitate was all of one compound. The precipitate v;as found 
to contain less than 10^ of the total aldehydes and ketones, 
v/hich makes the error Involved considerably less v/hen car­
ried into the total weight figure. The precipitate was 
calculated as the formaldehyde derivative. 
After all solutions and equipment ho.d been prepared, 
the gas analysis required one hour and the liquid analysis, 
three hours. 
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APPKNDIX B. SAl'IPLK CALCULATION 
A oample calculation for run 51 follov/a. The data 
taken during the run v/ere: 
Barometer data 
Pressure 28.766 in. Hg. 
Temperature 76° F. 
Correction 
-0.001 in. Hg, •
Time of i^roduct collection 30 min. 
Temperatures 
Oxyfyen at rotameter 83.9° F. 
Propane at rotameter 84.1° P. 
Room 83.9° F. 
Cold trap liquid 
-37.5° C. 
G-as out of quench 140° F. 
Oxygen into reactor 881° F. 
Propane into reactor 954° F. 
Mixed if^ases at reactor bottom 9^2° F. 
1 in. above reactor bottom 9it'5° F. 
13 in. above reactor bottom 930° F. 
Reactor exit 273° F. 
Pressures 
Oxygen rotameter 44.8 cm. Hg. gauge 
Propane rotameter 46.25 cm. Hg. gauge 
Reactor bottom 44.0 om. Hg. gauge 
Across reactor 5.85 cm. water 
Condenser entrance 41.2 cm. Hg. gauge 
Reactor top 43.8 cm. Hg. gauge 
Entrance to exiiaust line 0.9 cm. Hg. 
vacuum gauge 
Propane cylinder 76 paig. 
Propane delivery 12 psig. 
Oxygen cylinder 1270 psig. 
Oxygen delivery 12 psig. 
Nitrogen cylinder 200 psig. 
Nitrogen delivery 11 psig. 
Rotameter readings 
Oxygen 73 
Propane 125 
Catalyst charged 105.4 gm. 
Catalyst recovered 95.4 gm. 
Carbon on catalyst negligible 
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The voltage and current of each heater were measured. 
Samples taken 
Exit gas 
Condenser product volume 1^.5 ml. 
The liquid from the condenser, cold trap and 
absorbers 1, 2, 3i 5 was collected and 
made up to 2,000 ml. 
The 2,4-dinltrophenylhydrazine precipitate from 
absorbers 6, 7 and 8 v;as collected and combined. 
The liquid from absorbers 9 and 10 produced a 
negative test for aldehydes and ketones. 
Results of analyses 
Exit gas, volume dry basis 
Carbon dioxide 
Unsaturated hydrocarbons 
Oxygen 
Carbon monoxide 
Propane and others, by 
difference 
Total 
Liquid 
Acids 
Aldehydes and ketones 
in liquid solution 
in 2,4-dinitrophenyl-
hydrazine 
(as formaldehyde) 
total 
Alcohols 
3.0 
9.4 
0.9 
1.4 
100.0 
0.371 nig. moles 
43.06 mg. moles 
4.12 mg. moles 
47.18 mg. moles 
6.602 mg. moles 
The calculations baaed on these data are as follows: 
Pressure 
Barometric pressure corrected for temperature 
(28.766 - 0.001) - 0.0026(76.0 - 28.5) = 28.641 in. Hg. 
Room pressure (barometer on higher floor) 
28.641 + 0.012 = 28.653 In. Hg. 
Reactor pressure 
28.653 + 44.0/2.54 = 45.976 in. Hg. 
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Feed 
Oxygen: from a. calibrRtlon curve it v/as found that a 
readinc? of 73 at 80° F. and 29-00 in. 
would correspond to an actual flovr rate of 
oxypien of 512 cm3/min. nieasurod at 14.7 psla. 
and 70® F. The actual flov rate Is 
(0 2) { 20.653 kh.Q/2.5hf ( 460 4- 80 f 
\ 29.00 ' \ 460 + 83.9/ 
=: 644 cm^/min. at 14.7 psla. and 70° F. 
Propane: from a calibration curve it v;aa found that a 
reading of 125 at 80*^ F. and 29.00 in. Hg. 
v;ould correspond to an actual flovr rate of 
propane of 4770 cm^/min., measured at 
14.7 psia. and 70° F. The actual flovr rate is 
(WO) /2«.653 46.25/2.54f / hSO + 80 
^ ' \ 29.00 / V 460 + 84.1/ 
= 604l cm^/rain. at 14.7 paia. and 70° F. 
The values in Table 11 are thon calculated. 
Table 11 
Feed Calculation. Run 51 
Oxygen Propane Total 
Flow rate, om3/mln.®' 
Feed composition, volume 
Total voliirae fed, cm3a 
Mg. moles fed^ 
Mg. moles carbon fed 
Weight fed, gm. 
6i!.4 
9.63 
19,320 
800 
0 
25.6 
6,o4l 
90.37 
181,230 
7,506 
22,518 
330.9 
6,685 
100.00 
200,550 
8,306 
22,518 
356.5 
®At 14.7 psia. and 70° F. 
^Molar volume at 14.7 psia. and 70° F. is 24,145 cin3. 
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Superflcial velocity: 
Free cross section of reactor: 1-376 sq. in. 
6,685 om3 „ 1 ^ ft. min. 
rain. 1.376 in.2 12 in. 60 sec. 
= 0.412 ft./sec. at Ik.y psia. and 70° F. 
Value of F/v/: 
V/eight of catalyst: 100.0 gra. 
£ = 356.5 Km. X "0 "lin. x 1 = 7.13/hr. 
W 30 rain. hr. 100.0 gra. 
Exit gas: 
Vapor pressure of v/ater at 28.0° C, is 
28.439 mm. Hg. 
The volume of dry exit gas at 14.7 peia. and 
70° F. would be 
(202,200) 
= 179,530 om3 at 70° F. and 14.7 psia. 
= 7,435 mg. moles. 
Material Distribution 
Oxygen 
The yields of the various products and the oxygen con­
tained in thein, in rng. moles, are then calculated on the 
basis of the dry exit gas and liquid product analyses. This 
amount of oxygen found directly in the measured products is 
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then expressed as a percentage of the oxygen fed (800 mg. 
moles). These results are found in the first three columns 
of figures in Table 12. 
Some of the oxygen v/ould also be combined with the 
hydrogen v;iiich originally was in the converted propane but 
does not appear in the products. The maximum amount of 
oxygen v/hich could be used in this v;ay is in combination 
v/ith the hydrogen as water. If this is assumed to happen, 
the amount of hydrogen liberated and the v/ater formed can 
be calculated on the basis of the products measured. For 
some of these products such as carbon monoxide or carbon 
dioxide, the amount of oxygen found in this vmter of re­
action is a definite amount, but since the other measurements 
are not of single compounds but of classes, with the amount 
of oxygen found in the water of reaction dependent on the 
actual compounds, only the upper and lov;er limits of the 
oxygen content can be given. Using propane and v;ater as 
the only sources of hydrogen and the indicated product and 
water as the only hydrogen containing products, the oxygen 
found in the water of reaction for various products and the 
assumed reaction is given in Table 13. The unsaturated 
hydrocarbons have been assumed to contain only double and 
no triple bonds. 
The maximum and minimum amounts of oxygen v/hich could 
be found in the v/ater of reaction, assuming all hydrogen not 
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Tat 
Ifiterial Distz 
Distri dution " • ' 
product of oxygen In 
fed, % product 
Qaseous produota 
carton dioxide 7U35X0.030 « 233 .0 27.9 233.0 
Unsaturated hydrocarteno 7U35X0.09U . 699.0 
Ojgrgen 7U35X0,009 S 66.9 a.ii 66.9 
carbon monoxide 7U35x0.01ii . lOU.l 6.5 52.2 
Propane and others 7U35X0.853 S 63U2,0 
— — 
Total ^ seous 7435.0 U2.8 jijl.l 
Liquid products 
Add 0.371 O.OI46 0.37 
Alcohol 6.602 0.UI3 3.30 
Aldehydes and ketones ii7.18 2.95 23.59 
Total liquid 54.153 3.UO9 27.26 
arand total 7U89.0 U6,2 369 .U 
Percent accounted for U6.2 
I 
I 

u. 
Table 12 
ifiiterial Distribufcion. Kun 51 
tclbutlon Oyipn, »g. aole. Carbon, 
oxygen In  ^^2^  of reaction Total mg, moles 
Bdf % product MaxLinum Minitnum U&ximm Uiniimun Maxiimun Mlnimam 
27.9 233.0 me .8 1»48.8 371.8 371.8 223.0 223.0 
— — 3S0,0 233.0 350.0 233.0 2097.0 1398.0 
8.I4. 66.9 — — 66.9 66.9 — — 
6.5 52.2 69.U 69,k 121.6 121.6 lOli.l 10)4.1 
— 19026.0 0.0 
ii2.8 3Ja.l 568.2 451.2 910.3 793.3 21U50.0 1725.1 
0,0146 0.3 7 0.186 0.062 0.56 0.U3 1.113 0.371 
0.UI3 3.30 0.0 -2.201 3.30 1.10 19.806 6.602 
2.95 23.59 23.59 7.863 U7.18 31.U5 47.18 
3.U09 27.26 23.776 S.72U 51.01; 32.98 162.U6 5U.15 
U6.2 369.U 592.0 U56.9 961.3 826.3 21612.0 1779.2 
ii6.2 7U.0 57.1 120.2 103.3 96.0 7.9 

Table I3 
Oxygen in V/ater of Reaction for Various Products 
Product Assumed reaction 
Moles O2 in v/ater 
Mole of product 
Carbon monoxide C3H8 + 3.5 O2 —>3 CO + i4- HgO 2/3 
Carbon dioxide C^H8 + 5 O2 —^ 3 CO2 + ^  HgO 2/3 
Unsaturated hydrocarbons 
1/2 Maximum 0^110+0.5 Og ^ + ^ 2^ 
Minimum 2 C^Hs + Og 3 C2HJ[^ + 2 HgO 1/3 
Acids 
1/2 Maximum G3H8 +1-5 O2—^G2H5C00H + H2O 
Minimum C3H8 + 3.5 02—^3 HCOOH + H2O 1/6 
Alcohols 
Maximum C^Sg + 0 • 5 O2 ^ C2Hi^0H 0 
Minimum C3H8 + 2 H2O + 0.5 02"^ 3 GH3OH -1/3 
Aldehydes and ketones 
1/2 I'iaximum C^Hg + O2 CH^COCH^ + HgO 
Minimum C3Hg + 2 O2 —3 HCHO + H2O 1/6 
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found in the actual products has been converted to v;ater, 
are calculated and indicated In Table I3. The total 
accountable oxygen found in the product and in the v;ater 
of reaction is found on the basis of these assumptions. 
An estimate of the amount of vrater actually formed could 
be made from the water in the condenser product and the 
water in the exit gas passing thi'ough the condenser product 
receiver. Distillation v/as ineffective in separating any 
useful products fi'om the v/ater in the condenser product so 
that the assumption that it is 95^ water is conservative. 
The receiver will be assumed to be at the wet test meter 
temperature. The mg. moles of water formed is: 
In the condenser liquid product: 
^^Ci?01802^^ = 76h mg. moles 
In the exit gas saturated with water at 2.8° C.: 
Total = 76^1- + 306 = 1070 mg. moles 
This represents 535 mg. moles of oxygen, an amount which is 
between the minimtjm and maximum values calculated on the 
basis of previous assumptions, indicating the validity of 
these assumptions and the probability that there v;as little 
free hydrogen in the exit gas. 
Since there is a minimum and maximum value for the 
v/ater of reaction thei'e will also be a minimum and maximum 
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"total" value. Totals for the gaseous products, the liquid 
products, and grand totals are also indicated. 
Carbon 
The raf^. moles of carbon fed is taken from Table 11. 
The number of moles of carbon in the various products is 
shown in Table 1^, v/ith the minimum and maximum values shown 
for each type of product found. The calculated maximum and 
minimum values are sliovm in the last tv;o columns of Table 12. 
These calculations can account for a maximum of 96.0^ of the 
carbon fed. 
Table Ik 
Moles of Carbon in Various Products 
Moles of carbon per mole of product 
Product Maximum Minimum 
Compound Value Compound Value 
Carbon monoxide CO 1 CO 1 
Carbon dioxide COo 1 CO 1 
Unsaturated hydrocarbons O^Hg 3 2 
Propane and others O3H5 3 Ho 0 
Acids CoHcCOOH 3 HCOOH 1 
Alcohols C^H70H 3 CHoOH 1 
Aldehydes and ketones CH360CH3 3 HCHO 1 
The air used for the cooling of the apparatus v^ould 
probably have burned off any carbon vxhich had deposited on 
the catalyst. An ir?nition of the recovered catalyst re­
vealed that there v;aa no carbon retained on it. 
-9113-
The conversion of the 22,518 rag. moles of carbon feed, 
based on the maximum carbon content as shovm in Table 12, Is 
Carbon dioxide 1.0% 
Unsaturated hydrocarbons 9*3 
Carbon monoxide 0.5 
Acids 0.01 
Alcohols 0.09 
Aldehydes and ketones 0.63 
Total 11.52^ 
If it is assumed that the remainder of the carbon, 
88.5^, survives as propane in the exit gas, and that the 
propane v;ere recycled, the conversion of fresh carbon feed 
would be: 
Unsaturated hydrocarbons 81.1^ 
Carbon dioxide 8.6 
Carbon monoxide 4.0 
Useful products 
Acids 0.04 
Alcohols 0.77 
Aldehydes and ketones 5.^7 
Total useful products 6.3 
Total 100.0^ 
Thus, if unreacted propane v;ere recycled, the useful 
products would represent a maximum of 6.3/^ of the carbon 
fed and unsaturated hydrocarbons would account for 81.1^ 
of the carbon fed. Carbon monoxide and dioxide would 
account for the remaining I2.67J of the new carbon feed. 
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APPENDIX 0. PREPARATION OF CATALYSTS 
The original catalyst used was Celite, a product of 
the Johns Manville Company. It ia a diatomaceous earth — 
a mixture of Glllca and alumina and its size distribution 
is sxich that it will all pass through a 50 mesh screcn and 
all be retained on a I'f-O mesh screen. The company speci-
ficiations on it are G. 0. C. Typo IX, C-32397» a type of 
commercial cracking catalyst. It was designated catalyst A. 
Catalyst B was made by depositing a coating of copper 
oxide on catalyst A in the follov/ing manner. T:.'o hundred 
grams of catalyst A v;ere subjected to a vacuum of 63.5 grams 
of mercury for exactly ten minutes. At the end of this time 
a solution of 61,5 grams of v;ater 
was added. This amount of solution Just barely wetted all 
of the catalyst after being shaken in the evacuated flask 
quite vigorously, and gave the catalyst a unifoi'm blue color. 
The catalyst with the solution on it was then subjected to 
a pressure of 20.8 cm. of mercury for an additional ten 
minutes. 
The material was then taken from the flask and spread 
out to air dry overnight. After the air drying this copper 
nitrate coated catalyst was ignited to convert the copper 
nitrate to copper oxide. The ignition was performed under 
a continuous tumbling action in the apparatus shown in 
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Fif^ure 15. The i0:nltlon chamber v?as made of a 11.5 inch 
length of three Inoh pipe with a ronovable cap on the end. 
A shaft of j/h inch pipe was connected to this vith a tee 
in it to act as a vent for the liberated fumes. A pulley 
on the shaft made it possible to rotate the apparatus 8.t a 
speed of 6.75 rpm. v/ith the motor and ^ear reducer shovm. 
A thermocouple v/as placed in a n:lass tube t/hich extended in­
to the ignition chamber to indicate the temyieratures reached. 
The chamber v/as heated from the outside by four Fisher 
burners and it was possible to attain a temperature of over 
1200° F. within the chamber. During the heating, the copper 
nitrate v/as converted to cupric oxide, CuO, and nitrogen 
dioxide, NOg. The nitropjen dioxide with the water of hydra­
tion, came off in thick redd.ish-brov7n fumes during the 
ignition, requiring operation in a hood. After the fumes 
had ceased the heating v/aa continued for five minutes. ITie 
product obtained from this treatment was of a uniform gray 
color, with no agglomeration of particles into larger pieces. 
It thus had virtually the same size characteristics as the 
Oelite x/tiich v;as used as the carrier. This catalyst was 
designated catalyst B. One large batch was made up and used 
for all tests and further blending. 
Tests on this catalyst indicated that its oxidizing 
power was too strong. Catalyst C was made up of a 50 - 50 
mixture of catalysts A and B. Catalyst D was made up of 
75^ catalyst B and ZS'^ catalyst A. 
Figure 15. Catalyst Activator 
